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THIS REPORT DOCUMENTS THE RESULTS OF AN INVESTIGATION INTO THE
AVAILABILITY AND PERFORMANCE CAPABILITY (F MEASUREMENT COMPONENTS IN
THE AREA OF CRYOGENIC TEMPERATURE, PRESSURE, FLOW AND LIQUID DETEC-
TION COMPONENTS AND HIGs TEMPERATURE STRAIN GAGES. IN ADDITICN,
1mmmammmmmmmmmmmms-
| CUSSED. THESE SELECTED AREAS OF INVESTIGATION WERE: (1) HIGH
' PRESSURE FLANGE SEALS, (2) HYDROGEN EMBRITTLEMENT OF PRESSURE TRANS-
DUCER DIAPHRAGMS, (3) THE EFFECTS OF CLOSE-QOUPLED VERSUS REMCTE
! TRANSDUCER INSTALLATION ON PRESSURE MEASUREMENT, (4) TEMPERATURE
. TRANSCUCER OONFIGURATION EFFECTS ON MEASUREMENTS, AND (5) TECHNIQUES
IN TEMPERATURE COMPENSATION OF STRAIN GAGE PRESSURE TRANSDUCERS.

THE PURPOSE OF THE PROGRAM WAS TO INVESTIGAIE THE LATEST DESITN AND
APPLICATION TECHNIQUES IN MEASUREMENT COMPONENT TECHNOLOGY AND TC
DOUIMENT THIS INFORMATION ALONG W:1H RECOMMENDATIONS FOR PGRADING
MEASUREMENT COMPONENT DESIGNS FOR FUTURE S-1I1 DERIVATIVE APPLICATIONS.
RECP'MMENDATIONS ARE PROVIDED FOR UPGRADING EXISTING STATE-OF-THE-ART
IN OOMPONENT DESICN, WHERE RBQUIRED, TO SATISFY PERFORMANCE RBOUIRE-
MENTS OF $-{1 DERIVATIVE VEHICLES.
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DEFINITION OF TERMS AND AHBREVIATIONS

Cryogenuc ~ Any temperature less than =100 F.

Reynolds No. - A dimensionless ratio of inertia forces divided by visocous
forces.

Pickoff ~ A sengor or transducer.

Transition Point - That point at which a change of state tates place over
a short tesperature span.

Bond Number - The relationshij between a medias surface tension and the
gravitational environment it sees.

Linear Mamentum - The product of the bydy mass (M) and the body linear
velocity (V).

Angular Momentum or Morent of Momentum -~ The product of mass (M), the
tangential component of velocity (Vu), aw the radius
to the point of exit (R).
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1.0 TNTRODUCTTION

As space missions become nore complex and more demanding, the requirenients on
measurements grow nore and more difficult. Constan improvements in measure-
ment techriques and accuracy are being sought by design engineers for a more
accurate evaluation of system performances. Ever increasing severty in
operating environments requires a continued search for new designs and
techniques.

Grea*er reliability of equipment is required as space missions grow more
camplex. lLower campanent weight, smaller size and lower electr:cal power
consumption are sought as miss.on duration grows longer. All of these factors
and many more require that measurement capabilities be upcraded to meet these
new demands. The purpose of thie study is to satisfy same aspects of thus
need with an investication into measurement corganent technology.

S-TI derivative systems, including the Space Tug, Orbating Propellant Depot
(PD}, Bxpendable Second Stage (ESS), and Chemical Interorbital Shuttle (CIS)
1mpose many new performance requirements On measurement cOUpOnents not
currently requred by the S-I1 stage or the Saturm V vehicle.

Higher measurem.nt accuracy, long term operation in high and low temprrature
environments, repeated operations in relatively high vibration environments,
long term shelf life and repeated reuses are same of the more irportant per-
formarce requirements. Light weight, small package size, sumplified wiring
requirements, low electrical power, and simplified maintenance procedures
are other desirable characteristics for future spxce vehicles.

This progran invertigated the availability and perfarmance capabiliity of
specific measurement camponents in the area of crvogenic temperature, pres-
sure, flow and liquid detection camponents and high temperature strain gages.
The study conducted a systemataic uwvey of manufacturers to establish
performance and physical characteristics of current designs. 1n cases

where current .state—of-the-art equipment carmnot meet performance requirerents
for future space missions, the design shortcanings are identified ani recam-
mendations for wprovements, where available, were presented and discussed.
The study eveluated published intarmation and supplier furnished data and
d-scussed same advantages and disadvantages for given designs. Measurament
system application design considerations were uvestigated and discussed

in the report where these considerations were an important part f the
weasurament . The results of the investigation were intended t prov.de a
aseful reference source for design and carponent miormation for tixe
selection and application of the measurement transducers of “his 1ws’i-
Jatian.

Ir. addation, specific technical topics allied to the measurement type or
camponents were researched ard are discussed 1n “his report. Itams sclectsxd
for 1nvestigation as part of this study were selected for the piobler nature
+f the item or for the technical value of the researched intormaticn a3 g

¢ forence source for new designs. Selected arvas for irvestigaticn wene

1) high pressiure flame seals, and (2) hydrogen embrittiieamnt o pressure

-1- SD72-SA-01%6-~2
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transducer materials. oOther topics which involve application were (1) the
effects of close-cauplad versus remote transiucer installation on pressure
measurerents, (2) temperature transducer configuration ef fects on measure-
ments, and (3) techniques in temperature compensation of clree-coupled strain
gage pressure transducers.

Th_ase specific measurement oamponent capabilities and technical topics are
contained 1n three volumes, Volume I contains Cryoyenic Pressure Measuresment,
Technology, High Pressurc Flange Seals, Aydrogen Brbrittlement of Pressure
Traneducer Materials, the Effect of Close-Couplad Versus Ramote Transducer
Installations on Pressure Measurements, and Techniques in Temperature Com-
pensation of St -ain Gage Pressure Transducers. Volume II consists of
Cryogenuc Flow Measurement Technology and Cryogenic Liquid Detection
Measurement Technology. Volume I1I summarizes Cryogenic Termperature
Maasurement Technols vy and High Temperature Strain Gage Technclogy.

CRYOGENIC PRESSURE MEASUREMENT TECHNOLOGY

The 1nvestigation into cryogenic pressure tranaducer technology was made by
conducting a survey of manufacturers to establish transducer capability of
currently available equipment. The requirement established for the search
mto]ncateanimtxmmtcapableofoperatiu;vﬁthhquidmyqenor
liguid hydrogen systams of a space vahicle while maintaining temperature
sensitivity errors within 2 percent of full scale.

Since the investigation did not result in meeting this design goal, a litera-
tmmeeard\mcuﬂuctedtoidmtifypmblanareasmidxantributeto
this transducer performance limitatian.

This report presents the results of the industrial survey ard the lit2rature
regearc.i.

HIGH PRESSURE FLANGE SEALS

Consideration of a high pressure (5000 pei) tranaducer for api licaticns whose
design concept utilized flanged momting precigitated this investivation. The
research work primarily addresses itself to the search for a metallic saal

to attain optimar sealing for low tamperature, high pressure . .ame. The
uvestigation relied principally upon published literature as “e source far
information.

IMWG’PMWMB

The hydrcgen embrittlement investigation utilized published literature for
cbtaining information on the susceptibility of transducer materials to the
embrittiament problem. The investigation emphasized the practical aoproach

by catsgorizing transduoer metals with respect to enbrittlement suscsptability.
The investigation did not deal with the atomic structure or metallurgical

aspects of mevals.

-2- 8DT2-GA-0156-2
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PRESSURE MEASUREMENTS

A technical discussion on the effects of close—coupled versus remote trans-
ducer installation effects on reasurement acCurid)y was presented 1n thi=
report for reference infarmation to transducer users. Tiw discussion i the
report was hasad on information derived fram Saturn 3 11 flight tests and
laboratory work performed in canjunction with investigations into the Saturn
S~1I low frequency oscillation plencmenon. Data distortion die to line length
1s illustrated and corrective methods are delineated.

TECHNIQUES IN TEMPERATURE COMPENSATION OF STRAIN GAGE PRESSURE TRANSDUCERS

Another topic presented in the report is based on investigations of tompera-
tare sensitivaity problems of strain gage preasure transducers. Since the
saturn S-II low :requency oscill.tion phenamanon resulted in utiliz:ng cloge-
coupled strain gage transducers on the LOX feedlines of engire 1 and 5, an
investigation was made to establish techniques available for carpensation of
temperature sensitivity errors. Thas information 18 provided in this report
as reference material.

adechssmmsummmmm

The flow investigation researched current techmology for systems capable of
crvogenic temperatune flow measuraments. Manutacturers were contacted for
informataon on their product line of flowneters vhuch indicated promise of
meeting an application requiring a ma:s gas flowmeter .

A hypothetical case for a cryogenic tamperature gas flow neasuresent was
cstablished for the purpose of assessing vhether any of the ~andidate systems
wuld be acceptable for thic case. The report provides the technical dis-
cussions resuiting fram this evaluation as well as descriptians of indi-
vidual manufacturers systens.

CRYOGENIC LIQUID DETECTION MEASUREMENT TECHNOLOGY

The cryogenic liquid detection technology porticn of this g-udy was lunited
to an industrial sarvey. Manufacturers of positive and low gravity detection
systa!\swemamwmdandmir equipment and, in zame cases, expermental
conoepts, are presented. The report describes each gyster including theory
of operation. accuracy, stability, power requiraments, and the gravitational
envirocment in which the eystam is designed to perform.

CRYOGENIC TEMPERATURE MEASUREMENT TECHNOLOGY

The investigation into cryogenic temperature tranaducer technology was mede
byqxﬂwtimamnveyofmxfacturersmmublimmcmmntyof cur-
rently available equipnent to meet cryogenic system :eqmts: In con~

ture meaguring discussed are resistance temperauure transduoers made fram
di fferent metals as sensing elenents, thermistors, and thermocaples., Also
included uammimofmmu\gmxdguum‘ndemm:\e the resistance

of the temperature proba.
-=3- BD72-8)-0156-2
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G TEMPERNTURE STRAIN GAGR TECHNOLOGY

Although strain mpasuri: techniques have progreseed rapidly eince the

development of the first strain gage, the requirements for their use hawe
advanced much faster. This is especially trua for obtaining flight load
measurements on high speed venicles oparating in the earth’s atmosphere.

The asrodynamic heat associated with this high speed flight can be a major
cause of strain gage error. Temperatures up to 1800 F are anticipated on
the agrodynamic surfaces of a mach 6 vehicle operating at 90,000 feet.
Strain gage output Gue to thermal stresses at these high temperatures can
produce load measuremant errors greater than thoes due to gage performance
characteristics. To cbtain aoccurate flight load mpasurenents these errors
must be eliminated in the strain gage design.

Mp\xpouofmmofﬂamamumdmloqymtistomdw
varicus strai: sensing devices and evaluate their performance in a 1500 F
to 2000 F thermal envirmnmant.

-¢- ED72-8N-0156-2
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2.0 SUMARY

The following ie a brief review of the significant facts contained in the
bodyof;heﬁxmewhmtext. The mmmery is contaiial in each of the three
volumes in order that the reader might have sufficient information to evaluate
hig need to review each volume's text in detail.

Volume I contains the following topics: Cryogenic Pressure Transducer Tech-
mlow.ﬂi@mmm.mmxitﬂmdmr
Materials, the Effect of Close~Coupled Versus Remote Transduce: Installations
on Pressure Tranaducers, and Techniques in Temperature Compensation cf Strain
Gage Pressure.

Volume II contains the following topics: Cryogenic Mass Flow Measurement
Techrology and Cryogenic Liquid Detection Technolagy.

Volume III contains two topics: Cryogenic Temperature Measurerent Technology
and digh Terperature Strain Gage Technology.

CRYDGENIC PRESSURE TRANSDUCER TECHNOLOGY

Pressure measurements forq:acevehiclecryoqmicsysmmd:asfor liquid
axygen and liquid hydrogen tanks, transfer lines and engine systemws, have
alwaysptesmcedasmculdnllmqewmstnmmtimannmrsuﬂmmun—
ment users alike. These cryogenic liquids, especially liquid hydrogen, possess
many properties which pose problems far desigmers. Priumarily, these problems
are associated with low temperature envirorments and with the highly volatile
nature of the liquid. 'memstmmmwwxu:;pmssmmﬂue
systmiswmﬂﬂumtxmdmram'fmﬂemlmm
Pe t\xeawuumtbjcamnqmemtmﬂwesenseportbya
length of sense line which provides a thermal buffer for the transducer.

This technique 1s satisfactory for only <+cady-state @ slowly changing
measurements. For ocscillating or fast cnanging pressure systems the vola-
tility of the liquid creates thermal dynamic oscillations and the gense line
reduces frequency response both of which reduce measurement fidelity markecdly.

This investigation was performed to research currently available designe
which could be ut:lized for space velucle applications in cryogenic systens
to an accuracy of 2 percent excluding other environmantal error sources.

Injuries made to appcoximately 50 manufacturers resulted 1n sewen favorable
responses from suppliers indicatang the availalnlity of tranaduoers operable
with cryogenic systams of liquid oxyger or liquid hydrogen. Manufacturers
responding favorably to the survey were:

Manuf acturex Transducer Type
Pell & Howell/Consolidated Electrodynamics Unkbonded Strain . ©
Bourns Inc. Potentiometer
Dynasciences Corporation Bonded Strain Gage
Genisco Technology Corp. Bonded Strain Gage
Kistler Instrument Corp. Piezoelsctric
MB Electronics Bonded Strain Gage
Stalham Instracents Inc. Deposited Strain Gage

~85 - 7 2-8A~0156-2
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A number of other maufacturers are known ‘o have developed pressure trans-
duc~rs operable in cryrgeni: systems but these designs are available on
special order only and uws were not included in this study primarily due to
the lack of descriptive information on the instruments.

This investigation concluded that for the many application conditions of

a space vehicle, none of the candidate instruments could meet the design
goal of 2 percent temperature sensitivity error. Based on this conclusion,
problems contributing to tesmperature sensitivity were investigated through
research of published documents.

The singlc most ipportant error source for instruments found by the researchers
is the difference in temperature conditions between instrument calibration
and the using temperature enviromnment. Normally transducers are calibrated
urder a steady state, unifopm temperature envirorment, usually at the

liquid nitrogen temperatures. In field applications temperature gracients
occur between the front face of the transducer to the aft end of the
instrument. For transducers with temperature campensation provisions such

as the strain gage designs, the campensatirn thermistors ancd resistors are
located in the aft end of the inst.oument. This des:gn alone contril»-tes to

a significant error found by ane researcher to be as much as 100 percert FS
for traneducers that indicated less than 6 percent FS shift in standaid steady
state temperature tests.

A defainite improvement in low temperature performa~ . can be achueved on the
part of instrument users by providing installation designs which minimize
thermal gradients, such as by insulating the tranaducer, and by calibrating
instrumants under conditions of usace as cloeely as possible.

The conclusion of thus imrestigatim is that for applications requiring good
tamperature campensation. small size, low heat capacity amd high frequency
response with the capability of measuring both steady state and dynamic
mammrdeugnmmuued Based on the information
provided by regearchers same design features known to provide desirable
performaence characteristics are: flush diaphragm design with d:aphragm
machines integral with the case, small case size with short body length
ax low thexmal mass, strain gage design with gages mechanically coupled
to the diaphraga in an unbonded configuration, temperature compensation
cirautry located in the same thermal environment as the strain gagcs and
transducer installation provisions which facilitate insulation provisions
to minimize thermal gradients.

HIQ4 PRESSURE FLANGE SEALS

This investigation primarily addresses itself to the search for a metallic
seal for cryogenic temperature ard up Lo 5000 peig pressure applications.

The leakage rate for a seal depends on fluid properties, surface topography,
pressure differential, hardness of the sealing material, and sealing contact
stress

.
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The most W\t design o rationg are pressure, tesperature range,
and type of fluid sealed. Thx Darameters determine the bolt size, flange
thickness, and materials.

leakage is the most important critecion and most difficult to predict wi thout
tests. Many metal seals are capable of achieving lsakage rates below measurable
levels; however, the penalty in flange loading, extremely smooth finisnes or
loss of recovery, may be prohibitive. For extremely low leakage rates (less
than 108 scc/cec), an all-metal seal is usually required.

Seating load 1s an important parsmeter in flanged connections. The lower 1t
15, the smailer the required flanyes and bolting. Seating load is normally

expressed in pounds per inch (lb/in) of seal ciramference and may range from
100 to 500 lb/in, depending on the design.

Jontact stress at the sealing interface partially determunes leakage rate and
1s a function of seating laa) and contact area. The pressure differertial
across the interface, 1f high enough, may add or subtract significantly from
the :rutial contact stress,

Metal seals capable of very low ieakage rates must plasticaily defogm at the
sealing intorface. With subsequent installations, the seal coating must
trywconfomcoamwsetofpeaksxxivalleysand intimacy of interface
1s consequently reduced.

Pressure conpensation, sametimes called pressure energization, pressure actua-
tion, or pressure assistance, is the bemeficial effect of pressiwre upon the
seal contact. The geametry of many seals is such that fluid pressure augments
the contact stress, thus tending to overcome the increased possibility of
leakage due to the pressure. The pressure effect 18 negligible except at
nigh pressures - 1000 psi or more.

Cavity requirements of the seal must provide for correct (limuited) deflection
of the seal, location of the seal, structural suppart for high pressure, and
proper surface finish.

The chorce of 9eal materials is usually detenmuned by the operating temperature,
although corrosion resistance, fluid compatibility, and radiation effects mey
also be major considerations. Most metal seals contain two materials, a
resilient, basic-shape metal and a soft coating.

The coating material is usually a pure metal (silver, gold, nickel, or copper)
or a plastic dispersian coating such as Teflon. Coating materials are chosen
on the basis of softness, corrosion resistance, tavperature regis .ance, and
coét. Silver is used in the majority of low and high temperature applications
and is one nf the least costly.

Redilient metal seals cambine the efficiency of elastomeric O~rings with the
extendad temperature capability of metal gagkets., The basic structural element
is usually a high-strength metal, and a soft ocoating of metal or plastic pro-
vides the actual sealing. Like O-rings, these seals are self-energizing, have
gmall cross sectians, require light closing forces, are often reusable, and

-7- 8072-8A-0156-2
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have indefinite life. Unlike O-rings, however, they are relatively expensive,
and availability is scmewhat limited.

Resilient metal seals can be considered as the most promising fa- achieving
seal integrity for high pressure and cryogenic environments. A parallel
loaded joint with a groove type seal installation ghvwmild provide vhe optimum
joant configuratian.

HYDROGEN EMBRITTLEMENT OF TRANSDUCER MATERIALS

The .2gearch work performed within the indus*'v on hydrogen embrittlement of
metals has not resulted in a clear definitiaon of acoepted stundards., Because
of thus facl, no precise conclusions can be reached on the extent of Hydrogen
ambrittlement as a problem for instrumentation systems. Primarily, thus
uncertainty results from the fact that most testing has been accamplishad at
10.000 psi and pressures for liquid or gaseous hydrogen systems on Saturn
S~IT type veinicles are 100 psi to 1000 pei.

Generzlly, it 1s concluded that no problems exist for materiais most often
used for transducer construction. This conclusion s pased or. the experimental
findings that embrittlement susceptibility increase: w1th increasing tarpera~
ture above roam temperature and 1nCreasing pressure. Below roar temperature
embrittlement susceptibility decreases with decreasing temperature. Hydroge-.
has little effect on metals selow a temperature of ~321 ©. From 2 stand-
point of instrumentation systems, thi 1s favorable since the majority of
measurements 1n hydrogen systems are made at low temperature and pressures.

The report suwnarizes the deqree of susceptibility for -.G1s metals where
data are available.

mmmwmw.mmmmttasmmsm
MFASUREMENTS

Tie measurement of frequency over a line length of constant daameter to which
15 attached a sensing transducr varies as the fundamental (td) frequency.

If the media transmitting the .requency is a gas, then the frequency is
lLimited by the line length and the: acoustic velocity. The exception to thas
js a s:tuation in waich the volum: of the transducer cavity reasuring the
pressure pulse islarqemlativecomevoluneofthehne. Thus case 18
called a Helmholtz reasonator and 1t will produce an attenuation of approai-
mately 40% over the previously noted fundamental frequency for the equivalent
lLine length.

) 3 freq\n\cyofp.\lsanmsofalxqmdoveralme 18 required a~i 1f the
liquid is a cryogenic, a multituxie of problems arise. Pressure pulses of
large amplitude will produce ocmplete distortion of phase, frequency, wpli-
tude and signature. Snall presswre pulsations wall allow the passage of
phase and arplitude data with.n the fundamntal frequency range but ampli tude
mdsigmturecmtbeconsxhteﬂcormct. The turbulence procuced by the
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premwbagmfmcesﬂehqumdmmaqnfinednmﬂareitawﬂs
mmﬂemmmt. The resultant change in marentun of
the mass of cryogenic liquid in motion and the volume change produces an
overall distartion of the output.

The accurste measurement of fidelity of a cryogenic liquid <an only be
cbtained by using either a close coupled or flush mounted ransducer. The
1deal installation is that of moamting a pressure transducer diaphragm
directly against the media to be measured. If this is not pussible then
the sensor can be boes mounted off a fitting. Care must be taken in the
mcmmmcaMnmmmnmmmmemm@
might form a Helmholtz veasonator.

TEQINIQUES IN TEMPERXTURE COMPENSATION OF STRAIN GRGE PRESSURE

The classic techniques for compensation of presswre tyanscucers to terperature
sensitavity is to select materials with desirable performsnce characteristics
and to apply compensating resistors and thermistors to the bridge circuitry.
These techniques conpensate for zero shift and sensitivity changes.

Mamfacwrerseanﬁmtherinpmveumperfmbylocaungme
resistors and thermistors in the same thermal environpent as the temperature
sensitive memper. Instrument users can insulate instruments to stabalize
comperature and can apply corrections to calibration curves for zero =hifts
agetermined fram a reference pressure test.

CRYOGENIC MASS FLOW MEASUREMENT TECHNGLOGY

The cbject of the cryogenic flow study was to establish the state-of ~the—art
and to recommend 21ther a specific flow system ar if that was not possible,
1o establish a directaon for future development.

The measurement of cryogenic mass gas flow depends ypon the determination
of several variables. If the measwrement is made either inferentially or
directly, a compensation of variables mist be taken into consideration.
Density is always cammon to an inferentially mass measurement with either
a velocity or velocity squared measuresent required. Since density itself
cin be a function of pressure, tesperature, torgue of damping ratio an
\nferential measuravent of flow can onsist of a yreat deal of variables;
acme of which can cover a large range. In the direct measurament of mess
flow the output can be a measurement of linear or angular momentum or
heat transfer. Although the output can be a single variable the mechaniam
required to generate the output can bt extremely camplex and limited n range.
In addition to the above noted problems, there are a nutber of material,
installation and design problems that also must be solved.

The initial 62 manufacturers reviewed were reduced to 16 candidate systems.
These candidate systems consisted of six trus mass flow metsrs and

eleven inferential mass mater systems. In addition to manufacturers of
sjosmeters, such aseociated problems as facility calibration and previous
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data were reviewed. After analyzing all candidate systems, previously run
test data, test facilities ani the National Bureau of Standards at Boulder,
it was concluded that no flaweter had a proven history of meeting the require-
mants. Two System types lookad promising — the turbine—capacitance densi-
tometer inferential meter and the heat transfer mass momentum meter. Of
these two systams, only the inferential turhine candidate had same data at

a cryogenic gas temperature and hence is the recammended choice.

CRYOGENIC LIQUID DETECTION TBCHNOLOGY

This gection covered twelve propellant gaging systams offered by nine mamu-
facturers. Five of the systems are applicable to positive g applications and
seven are applicable to both positive and zero g usrage. These systems can

be further categorized into five basic operating principles. Thege are point
sensar, capacitance probe, radio frequency, infrasonic, and nucleonic systems.
Point sensors and capacitance probes are only useful in positive g environments.
The infrasonic and nucleanic systens are applicable in zero g enviranments,
however, both designs are still in the development stage and at this time
impose a high weight penalty to cbtain good accuracy .

The use of the more standard coaxial cylinder capacitance sensor system for
contimuous gaging of propellants is not practical due to the capillary rise
that ccaurs at low gravity conditions. The capillary rise for L and X
is on the arder of 40 and 20 inches respectively for capacitance sensors
similar to those used in the Saturn S-II stage.

Since future space wehicles operate under both zero g and positive g environ-
ments, no single conoept of propellant geging provides the desired accuracy
under both conditions. The results of the study indicate that the radio
frequency system is best for propellant monitoring during zero gravity periods
vhen propellant tanks are lees than half full. During periods of positive g
the discrete level sensing system offers the best accuracy especially during
propellant loading and for monitoring the liquid level with tanks full.

The best design compramise appears to be a system utilizing both the RF
system and discrete level sensors for all phases of the ehicle operation.

CRYOGENIC TEMPERATURE MEASUREMENT TECANOLOGY

Commercial cryogenic thermometers are avallable which are capable, under
carefully controlled conditions, of precisions greater than 4 0.05 K. However,
such precision can only be cbtained under static or quescent conditions.

when thermoneters are required to respond to rapid temperature fluctuations
guch as occur in the cooldown of propellant lines, the indicated temperature
may depart significantly fram the"true” temperature. “he lnss in validity

of the measuramant does not reflect a Jdegradation in accuracy of the
temperature sensa., but rather indicates that the tamperature of the sensor

is not at all times the same as the surroundings.

The terms "accuracy” and “reproducibility” require same explanatian pertaining
to temperature transducers. ACCQUracy 1s the significance with which the
thexmameter can indicate the sbeolute thermodynamic tamperature. This includes
errors of calibration as well as errors due to aonreproducibility. Repraduci-
bilaty is the variability cbserved in repeating a given measurement usirg
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different thermometers of the same type. Changes produced oy thermal cycling
of the thermometer to and fram ambient are also included in thus
parameter.

Termperature sensor materials can be divided into three categories: pure metals,
non-metals, and thermoelectric devices called thermooouples. Whule there exast
a number of pure metals that are more or less suitable for resistance thermo~
metry, platinum, primarily becase of mary favorable characteristics, has
becume predominant as a temperature measuring element. Desiraple features

such as ready availability in high purity and extensive krowledge about
platinum’'s behavior down to 20 K have tended to perpetuate its use. Its
principal disadvantages are low resistivity and insensitivity below about 10 K.

Oopper, nickel and tungsten have also been explolted as temperature sensing
elements. Copper is inexpensive and has a very linear temperature/resistance
relationship. Copper has poorer stability and reproducibil:ty than platinum
and its low resistivity is undesirable when a hugh resistance element is
required for temperature measurements below 100 K. Nickel is vadely used over
the temperature range of 170 K t 575 K; however, this report w.s primarily
concerned with temperatures below 100 K and at this temperature, very little
work has been done with nickel. Tungsten sensors are less stable than other
retal sensors because full annealing is impractical. At low temperatures the
percentage change in resistance per degree is much less than platinum.
Tungsten's great mechanical strength allows extremely fine wires resulting

1n convenuence for manutacturing sensors having high resistance values,

but this is not important umless the probe resistance must be larger than

5 or 6 thousand ohms.

Non-metals such as semiconductors, carbon registors, and thermistors are used
as temperature sensing devices in the laboratory with same advantages over
pure metals. The greater disac* ges for their usage on 3 5pace wehicle
within the temperature range o. to 100 K tend o discount them as a seriocus
consideration uniess further dev.lopment and knowledge is pursued.

Germanium semiconductors are available from several cammercia’ sources. The
sensing element is a small single crystal with high resistivaity. The resistance/
temperature relationship is very complex and requires many calibratiur points
when used over a wide temperature range. The reproducibility is poor and

thermal cycling causes same drift to occur. This affects their interchange-
ability drartically.

Carbon resistors have been used as temwerature sensors at extremely low
temperatures. Carbon has a high sensitivity in the tumperature range of 0.1 K
.. about 20 K; however, ahove 20 K the dR/AT is vary unstable.

Thermistor 8 are inexpensive and very sensitive to temperature. They are small
in size and have a high resistivaty. Thermistors have a nonlinear R-T re-
lationship and poor stability. Because of the nonlinearity, numerous cali-
bration points are required. A single thermistor is generally unsuited for
wide temperature spans because its resistance goes from values which are so
high to be 1nconvenient to values which are too low to be measured with con-
venticnal signal conditioning equipment. Several thesmustors must be used

to cover a wide tamnperature span.
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Thermocouples in comparison with other tenperature sensors have certain advan-
tages. The temperature sensitivity span can be small, and is more flexible
for installation. The thermooouple is a device of camparatively low cost,
high accuracy, wide measurement range, fast thermal response, ruggedness,

and reliability. Some of the more obvious disadvantages wre the very low
output voltage requiling more camplex and costly signal conditioling equip-
ment, ard the hamogeneity of the materials used to manufacture thermoccuples
is such that irterchangeability without camplete recalikration is impractical.

After an objective analysis of the different methods of temperature measurement
in the 20 to 100 K range, the wire wound metal, especially platinum, is best
suitad for measurements where high accuwacy and stability is required. The
thermistor 1s best for point measurements and the thermocouple best for high
temperatures or for rough indication of temperatures.

Resistance bridges are used as a ooparison device for measuring -ecise
resistance ratio relative to tamperature change of a platinum thermaneter.

In making comparison resistance measurements for attainment of a high degree
of precision, of the order of 1.0 PPM, the following design considerations
should be evaluated when selecting a particular oridge de~'gn: effects of lead
resistance, thermoelectric emf's, self-heating, reactance. bridge linearity,
noise, interaction, bridge sensitivity, and accuracy.

From the mmerous available bridge degigns, a designer has to determine as to
vhich of the bridge designs is most suitable for use for a particular design
application. Therefore, in order to establish a methodical design agproach,
ﬂasembtidgesmdescribedinitsbasicfomasextrntafullot
half bridge. These basic bridges are then evaluated for its advantages and
disadvantages baged on applicable design cunsideratians. In the process of
evaluation, these basic bridges are reconfigured far use as either symmetr.c
ozasmcricw\figuaﬂmadasalowlmlorhighlzvexbndgeww.
based on the importance of a particular design consideratiom. A table
dapicting the advartages and disadvantages pelative to the various design
consilerations has been prepared to pruvide direction in the design approach.

Lsed resistance is widely acoeptud as a major problem in a temperature measure-
ment system design. Because of this problem, numerous bridges such as Mueller,
Smith, Seimens and mumerous others have been developed since 1871. L_h bridge
has nerits in leadwire resistance campensation, and therefore each is dis-
cussed in this report. Variations used in these bridges can then be adapted
to the basic bridge selacted for the best lead resistance campensatiom.

HIGH TEMPERATURE STRAIN GAGE TBCHNOLOGY
mijuwofmmoimmummmmmwdw
ammtsminmimdevicssmevaluatetmirpartmmmulsoorw
2000 P airborne thermal environment. The evaluation consists of comparing

gage principles of operation, gage materials, gage attach methods, installation
tachniques, performance characteristics and gage availability.
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A literature survey was conducted which resulted in the selection of three
strain sansing devices for evaluation:

a. Electrical resistance strain gage
b. Electrical capacitance strain gage
c. Thermal-mull strain sensor

The resistance strain gage operates on the principle that when a load is
applied on any material, that material will expand or contract causing
strain within the material. If a grid of wire is bondad to the material,
it vill stretch or be strained exactly as the suwrface of the test material
is strained. This stretching and compressing of the grid wire causes a
change in the electrical resistance of the wire vhich is proportional to
the strain in the test member.

One of the major contributors to errors in hig .amperature strain gage
applications is the effects of apparent strain. In a resistance gage,
apparent strain causes a change in resistance of a maunted cage due to a
change in temperature without an applied load on the test gpecimen. In an
effart to reduce this apparent strain error, temperature compensation .S
included in the gage designs.

Many resistance gage alloys have been tested in an effort to extend the
upper temperature limits. Most alloys exhihit a solid solution phase change
below 1200 F. This phase change causc. an anomaly in the resistance vs.
temperatur: curve and yields an unsatasfactory ailoy for hugh temperature
strain gage usige. Platinun-tungsten alloys are currently the best available
for high temperature resistance strain gages.

Attachment of high temperature resistance strain gages can bz accamplished
by using ceramc cement, aluninum oxide flame spray or by welding. The method
used depends upon the material of the test specimen.

There are many resistance gages on the iarket today. However, only a relative
few advertise the capability of operating at 1500 F and ncue at 2000 F.

Since 1968, Hughes Aircraft, and Wright Patterson Air Force Flight Dynamics
Laborztory have coordinated on the development of a high temperature capa-
citance strain gage. This gage operates on the principle that viriations in
the gage dimensions caused by strain in the test specimen will change the
capacitance of the gage, This change in capacitance is then directly pro-
porticnal to the strain in the test gpecimen. The configuration selected
for the capacitance gage was a parallel plate gage mounted in a rhombic
frame. The gage consistad of a capacitance waffer containing stainless
ateel plates with mica dielectric insulators mounted in a stainless steel
rhombic stress frame.
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3.0 CRYUGENIC FLOW MEASUREMENT TECHNCLOGY

The measurement of mass flow depends on accurately determining a number of
variable parameters. These variables include temperature, pressure, torque,
velocity, rangeability, momentum, heat transfer and density. Although it is
not required to determine each of thase variables for every problem, they
are uped in carbinations. In addition to these parameter variables, therc
are a mmber cf materials, installation and detail desigr. problams to solve.
In the situation where the flowmeter is placed in series with the system
under study, seal materials must be carefully chosen as conditions of wear,
corrosion and abrasion may change the flow characteristics and the meter's
calibration. As bearing friction changes or surface heat transfer co-
efficiants vary, the empirical relationshipe fail ar became less accurate.
Extremely low temperatures present a structural problem in design and 1n
assembly and subsequent int ferance due to tolerance buildup. If these
variables are held to a min: .m, the relative ease of the measurement in-
creases propartionally.

The study raquirement is to detemdne mass gas flow at a cryogemic taperature
such as erommntered in a cryogenic propellant tank vent syster to an acouracy
of 1% or better. If we agsume that the propellant tanks contain hydrogen
miomenandmtthevahiclemingmumearthorbzt,wehavea
practical application of the requirement. The achievemant of this flow
requiremsnt is extremely difficult because it involves a number ~f messure-
ment parammeters as noted sbove and the range of these parameters is wide.
mram range and flow ratuss would be large in sucn an installatijon

y\henusingcryoguuchydmgmgnufmevolwecmmemdbe
cloge to 3 to 1. It would also be mandatory to have a rapid response capa-
bility in order to handle transient changes accurately. During the study
period, every flow measuremsnt device and most of the variations of a type
were reviewed. Vendor and govermment sources were included in this review
which oonsisted of a literature search, vendor telephone conversations and
facility tours. 7The results of this survey produced no mass flowreter design
that had a record of meeting the study requirements. The reason for the lack
ofdauthWmmtﬂuweofsuchahroadrwgeofme
ment variables had never been attempted befare. Most flowmeter designs had
been specifically designed and calibrated for use in a less demanding appli-
cation. In such a case, forcing such media variables as temperature and
pressure to be at a constant value before being mesasured, the problem of
measuring mass flow could be sinplified to the messurement of velocity and
the use of a thermophysical chart ot the media to determine density. The
Quantun Dynamics turhine flowmeter systam daesign showed pramse in meeting
all the design parameters but even it did have sufficient data tc estab-
lish its capability with high canfidence. Fifteen other candidate systams
offered cn ability to measure sane portion of the total number of parameters
necessary in meeting the range requiraments. In aane casas, two Or three of
Mmmoouldbemcdinpnnllel 0 give an output over the total ramge
required,
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3.1 TECHNICAL DISCUSSION
In the measurement of mass flow, the basic types of flow systeme and para-
meters to be measured must be defined and undaerstood. All of the parameter

variables, with the exception of rangeability, will become clear as the types
of designs are discussed. Rangeability is the ratio of the highes: velocity
to the lowsst velocity of the flowing media. The highest velocity occurs at
the largest mass flow rate and the lowest density while the lowest velocity
is a functicn of the smallest mase flow rate and higheet dersity. Since

density of a media is a function of temperature and pressure range, range-
ability can be considered as proportional to the ratios of emperature,
pressure and velocity. In the case of hydrocen gas, if the pressure is

maintainad constant and temperatwre varies over a relatively wide span of
56 K, the density change can be a 3 to 1 change. Oambining this with a
mass flow rate fram 1 to 5 lbs/second gives a rangeability of 15 to 1. This
is not oconsidered high unless you plan toc use an angular momentum type flow-
meter in which case its upper limit is approached. The following 18 a des-
description of the two basic flowmeter designs: (a) The inferential meter
and (b) the true m 38 floametar. There are a multitude of variations on
thege two basic designs but only thoee five types included in the sixteen
candidates are discussed. Three of these types were irferential mass meters
while the other two were true mass meters.

o

a. Inferential Mass Meter- This mase flowmeter design can also be called
a masg metering systam since it requires the combination of two inputs
onsofwhidi is density {0 ) and the other input is velocity squared
(V€) or velocity (V). The drag body candidate design in which a drag
target i1s deflected by the flow me’ia is an example of velocity
squared (V2) measuring device. Sir e force (F) is equal to the co-
efficient of drag (Cp) tinus the area (A), the damsity (©), the
velocity squared (V2) divided by two times the acceleration due to
one gravity and 1f (g),CD, A and 2 g are lnown constants, then the
wqm:,fnrge (F) can be reduced to density (f) times velocity
squared (V<). In the turbine design, volumetric flow ir a func-
tion of the turbine rotor speed. Velocity (V) is measured directly
as the turbine blade tip, under movament by the flowing media,
passed either a radio frequency or megnetic pickpff. The pulse
output then becomes a direct measurement of flow. The output,
velocity, or velocity squared of these two varjations are multi-
plied by density (@), the resultant being mass flow rate (M).

The corputation and hence the neceasary electronice are somewhat
more complex for the reduction of V2 then V. By far, the most
popular system and type is the velocity (V) indicator and in
particular, the volumetric turbine in cambination with a den-
sity measuring device. Tie density measuring device itself 1is an
equal factor in measuring inferential flow accurately. It can be
in several differant ways. Some of the most noteable
of theee ways are the capacitance-dielectric, tha pressure-
tenperature-data table (P-T-D), the muclear radiation types
(beta and gamma), the oscillator drag hody (damping), and the
velocity %m\d and microwave transmission characteristics
approach. All but the "P-T-D" approach can be called
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”dcnihm'hecmmﬂmhmmmlmfmmxy.
mquxtcmheinadimctvolngepmportimlwdsuity.
MIutwidelyuaedfnaofdanimuthecapaciume
typemmd\ﬂxedxelectricmtantofuxet‘lwwmdu ig
measured. These devices usually are so designed as to also
act as a flow-straightener. A series of cylinders within

dimensionless ratio of inertia forces divided by viscous

forces and low ar no turbulence allows the measuring of very
low {'low accurately. Flow straighteners are not necessarily
as important to other types of inferential mass meters as to
the turbinmeter. The tctal inferential mass meter systam
requires a velocity or velocity square measurement, a density
measurenant physically located at or near the velocity measire-
ment and in some cases, a suitable flow straightener to produce
laminar flow.

b. True Mass Flowmetar - There are two types of true mass flowneters,
work different principles. The first is the
momentum type, both angular and linear, and the second is the
meter. The angular momentum mass flowreter utilizes
the rate of change of fluid angular momentun to generate a torque
proportuonal to mass flow. Rotating motion at a right angie to
is imparted to the flowing media by means of a turbine.
The media torque (T), the media angular velocity @) are related
to mass flow () by the expression, M = T4, L1

Componants of V

VR = radial component of V

V = tangential camponent of V
. .dv

P -Mn-Md-t—

multiplying by radiue (R) to get
moment: of momentum (T)

RF = T (torque) = $- (Wa 1) = rate of
anqular velocity
TeMW
S~ therefore M = T/g

Fram this expression, it can be sean that a measuremant of mass flow
can be cbtained either by (1) holding the turhine spued constant and

measuring variation in toeque M = T/k or M oc T, somstimes called an
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The Bendlix facilitiss are quite large and extensive. They have their own
calilration facality fr liquid cryogenics. Their engineering staff 1s also
wrwilved ir 7ero § propella.  wegemant studies. [10)

Potential options for future space vehic'e use shouul Snar sround the .. .
acreen drag body concept in use with a densitometer alt*sugh the angular
momentum device offers pramse for furter develo.mer... It would requre
extensive design in the area of the picwff in arder to withstand any exces-
sive § load envirawent.

Advantages of this type of drag body system are fast response, a oW pressure
drop and essentially no moving parts. The disasdvantages that are 'migue to the
Bendix force—-screen flowmeter are the need for a density measurement, further
develomment, especially in the area of flight wehicle usage and redesign for

high g force enviromment. In addition, wvery little information is available

an cryogenic cperation at LH2 temperatures. As for two phase or cryogen

gas mass flow near but below the boiling point of Oz or Hz, m» test daca are

ava:lable.

3.3.2 Cax Instruments Civision of Lynch Corporation

Cox manufacturcs only one cryogenic flowmeter and it is a 4ype one, t bine
and packoff design. In addition, they manufacture two other designs, the
"rotometer” and the variable reluctance spring loaded force spool meter.

They are primarily noted for the namufacture of primary weight type flow
calibration benches. Those standards are used by the Air Force and others

for calibratian of fuel flow meters tuch as used on aircraft. They are not
sulted nor intended fcr cryogenic uses but illustrate manufacturing capability.

Tt Ccx turbinemeter consists of a free-moving suspended rotor and a signal
pickoff. Flwud cor gas flowinjy through the meter makes the rotor .urn at an
angular velocity directly proprrticnal to the rate of flow. As the rotor
turns, the blades induce an alternating current in the signal pickctf.

The frequency of this signal is calibrated to be proportional to the rate of
flow. An elecirical coil, contained i1n the modulated carrier pickorff, forms
part of a twrned high frequancy oecillator ci~uit. As each rotor blade
passes the pickoff, a change in coil reluctance ooccurs, resulting in amplitude
modulation of the carrier signal. A signal conditicner supplies the carrier
signal to the pickoff and translates the resulting modulated signal into a
congtant 5 volt anplitnde aquare wave with frequency proportional to volumetric
flow rate. The stiength of the signal improves signal to noise ratio and
permits long distance tranamission.

In addition to the pickoff and the rotor assambly, the flowneter body contains
the inlet and outlet flow straighteners and the hub and bearing assambly.
The flow straightener design used by Cox consists of six equally spaced vanes
rotating out to the periphery of the hody housing. The bearings are of the
miniature ball type and are 440 ¢ CRES. (11}
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met practical solution to a particular problem. The problem under considera-
dmhanofmimmymanlythem flow of gaseous hydrogen ur
4 large cryogenic tamperature range. The flow rate can vary from
low to very high, thereln esta; 'ishing a very wide rangeability. One
iable, preasure can be held at a mirumm ard relatively constant value,
ince the propellant tank wowd have to be large and light weight struccural
integrity would dictate the restricticn of pressure in the tank to less than

in which gseveral variables ary fixed ag canstants such as pressure and ten
parzture. Then measure turbine rotor speed (V) and multiply it times the

Pinally, the availability, cost and aocuracy of either developing or finding
a suitable test facility to use may be the greatest di- 'gn consideration
challenge of all, At presact, no primary standard calibration facilataes
capable of mpasuring gazeous Cryoganic mass flw exist. TWo p~sibilities
prosently exist es potsntially able to Toat a variety of {iow rate require-
mants. Both are located in the Stats of Colorado. e is locatid juss
outside the city of Mun in an old "Atlag B* wmuucmwpmmly
iad to handle cryogenic «[V] The other is located at the

National Bureau of Standards fac)) ty in Boulier.[¢] Tsts are being run

th sdrogen gas, at sbient tamperntures, with fut e tests
mmmzxmqatmmmmm flow rates.
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j.2.1 Densa tcmetexr Designs and Conoepts

where a mess flov seammesent is mede inferential, density wmust be determined.
This can be done 1n several weys. Probably the mogt widely used anc the most
sumwwismuhawmmmemmm
compare tham with a density readout using a thermophysical properties lata
sheet for the particular media under study. The primary disadvantage in tnis
aporoach is the need for wanual menizalation. In addition, the tamperature

pressure

mechanical strain and changes in the environment. Although this method of

dmsitym\-nemaxsmtmuymti:udcadmsxmter per se, 1t is
aca-mlyupracuce'mnanuﬂmmnm. The noad to transnut data
vzabalmuymxluinthnmmtbeimqphcahlemiu use by an
arbiting vehicle.

F.ve other techniques that can be used to measure density and for whach data
is available truly fit *he definition of a densitcmeter. In each case, these
Wmtmmmwwywlmmityamtequim
no marual data interpretations. As in the flowmeter itself, all the asso-
cuudpzohlqnsofcnljbntimmdmficuilcted results arc ungue to
each type of densitometer design. An inferved mass flow accuracy is depen—
dentwmtheacmnqlofthemquizudimﬁvidmlmts. In the case
of the fluid denaity measurement, the accuracy can be difficult tc determie
since density is calibrated in a static state but used in a dynamuc one.
when the inutial calibration ie made, no flow conditicns exist. However, in
ur=, density mey De a moment to woment variable.

These techniques are (1) the dielectric change in a fixed capacitor, 2} the
vibrating vane, (3) the measurement of attenuaticn of gamma rays or the camnt
rate of beta particles reading of a nucleonic detector, (4) the measurement
nfﬂ:wlocityofutﬂmimmmmsnumtteruﬂm-
ceiver, and finally (5) the propagation of a microwave signal in a hanogeneous
mediugn descriked by the attentuation constant and the phase constant.[9] Both
of mesemfmctimsofmemludlelactxicmuntandhenoe, the den—

saty of the medaium.

0Of the six density meAsSuring methods, three are not sufficiently developed or
taveuuthlix:pmblﬂinﬂnirbsim. Thase three, the nuclecnic attenua~
tion, the ultrasonic and the microwave are ot inferential mass candidates
densitomecers. mwanmmmmﬂmumtamzmuxpuse
mﬂntitdoumtroadmtinmltme. The remaining two, the capacitance
mduui:yq:pmad\uﬂthevihxatimmnlltavehadptevmdamwnmb-
hshtheirvalidxtymdueptumdymmebywﬂmuﬂoutermmiw
turers. mlytmmuumdanitymﬂndmmlxndmsfunym
mamew“wdﬂmﬂﬂr%wﬂlﬂe 1s over a relatively
short period of time.

3.3 SURVFY RESULTS OF AVAILABLE DESIGNS

The total -amber of flowmetar manuf acturers surveyed was 2ixty-two (Table
2.6.1). These were reduced to a final sixteen candidates (Table 3.6.2).

omplex mentum meters to those vho fabrioate the relatively simple thermal
meter.
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Rosemount. Enginesring was included in the detailed review based un
their past perfommence an the Apollo Program.(7){8] They presently do not
ranufacture a gaseous mass flowmetsr. One other mamufacturer, Electro
mmm..mnmuymammtm,m
their new design has been formally proposed a8 capsble of meeting cryogenic
flowmeter requirements.

;hdxogtluesim-mfammmdimeedindemilwimuafolm
ing points being covered:

. Type and design of system or systems

. Inferential or true sass weasuremant

. Type and design of dansitometer umed if an inferential system

. Potential cepshility of wmeasuring cryogenic mass gas flow and
required effort to mget this potential

. Disadvantages and advantages of each system(s)

The study by North Muerican Rockwell personnel involved primarily a litera-
ture search and data survey with no hardware being procured or tested. Fave
of the sixteen candidates facilities were visited while the other eleven were
evaluated as to experience ancd capehility using their literature.

The sixteen canxdidate designs —an be broken down into five types for analysis.
Type one is the turbine and pickoff. s the turbine 1s rotated past the
pickoff, it registers or induces a signal in the pickoff measuremen: to give
mass flow (Ov). Type two, the drag body, ummarses a bending body with a
target in the flow stream. A strain gage attached to the cantilevered beam
changes a balanced bridge in proportion co strain. Demsity (0) is needed to
produce mass flow rate. Type three is a bluff body insertsd into a flow
stream. The sensor, which is embedded into the bluff body face, consists of
a pair of electrically self heated thermistors whose temperature and resgis-
tance vary with the localized flow oecillations. Output is in the form of a
pulse train, frequency proporticnal to volumetric flow, and the additional
mossurement of density must be made in order to give mass (M) flow output.
Type four measures mass flow directly. A true direct mass flow rate 1is
obtainable with only one mgesuring device. In one case, oscillat.ng drag
body produces a damping torque. The sensor damping ratio ¢ is directly pro-
portional to wass flow rate (M). The angular momentun flouwmetsrs are also
type four and measure mass flow directly. They Lse the basic principal of
measuring the torque of a rotating element. Torque :s equal to mass flow
rate times the difference in impeller radii multiplied by the angular velo-
city. Tvpe five, the thermal mess flowmeter, also measures mass flow directly.
Heat rate transfer to the following media is campared tc that of a hect sink
or the no flow condition.

Tre flowneter candidate systams are discussed in the following section pre-
sentsd in vendor alpha/mumerical order:

Section The Bendix Corporation
Ooz Instrunents
Eastach Inc.
Electro Development Corp.

3.3
3.3,
3.].
3.3

ot N

-20 - SD72-8A-0156-2

REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.



Spece Division
North Amer—an Rockwed

Pl
.
|l
'™
.

.
i T o dedniala

UPUHUMUUUUUU
.

o« o

W

E‘

3.3.1 The Bendix Corporation, Instrumants & Life Support Division

Bernd: ¥ 's candidate flowmater is a type two drag body flcwmeter that infer-
entially measures mags flow. It is used with a capacitance measurement to
give . inferential rass flow output reading. The system employs a force
re-balanming scheme in which the screen drag force is balanced against a
force applied hy attracting electramagnets. The change in dielectric con-
stant is related to density and is obtained by monitoring a flow through
capacitor placed in the flow stream. (9]

in addition to tne drag budy, two other designs are manufactured and conmner-
cially sold. Cnc, the variable area flomreter, uses the force exerted by the
flowing media against a spring-restrained, rotating vane within the metering
cnamber <o balance the force of a calibrated torgue sp:ng. The vane aseumes
a definite angular position which is proportional to flw rats. 1he second
design is an angular monentua mags floxmeter and it is unique in that it does
not contain a motor imparting angular momentum to the flowing liquid. It
ocongists of two turbines, a drive-twrbine and A reaction-turbire, mechanically
ccupled through a spiral spring which acts as a constant we.ghing mechanism.
The eatire turbine assambly rotates freely, however, the spring restricts
displacemant of one turbine to the other to less than ane rewolution, the
reaction turbiie lagging the drive turbine. The awount of lag is a function
ot flow rate.

Uf the three designs, only the inferential foroe screen meter is rated by
Berndix as a cryogenic mass gag or liquid flowmeter for use with hydrcgen or
oxygen. The other two systems are referenced for two reasons. One reason
18 that they i1llustrste Bendix's capability and another is that the angular
momentum type has definite possibilities for use as a true mass flowmeter in
cryoqenic application. It was a simplified derivation from a partia’ly suc-
cessful previously designed cryogen mass floweter for LH) and LOp. The
construction was nuch more complex because the drive turbine was motor driven
rather than fluid draven and was actually submerged in the flowing cryogen
strean. The nesd to use ceals and camplex met.. 18 of hringing the electrical
leads from the sulmarged motor to the outs.de presents problems. These, as
well as starting torgue ability at low temperatures, required abandonement
of the project after minumal success. This concapt does warrant further
study and is mentioned in passing for the reader's information.
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(9]
Figure 3.3.1-! The Bendix Inferential Mas System
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The Berdix facilitise ave quite large and extensive. They have their own
calilrution facality fr liquid cryogenics. Their enginsering staff is also
irvolved i zero g propellad  wnegement .tudies. [10)

Potential options for future gpace vehic'e ues shouw cenu s sround the ic. .o
screen drag body concept in use with a densitameter alt®>ugh the angular
memntum device offers promise for further develomesr... It would require
extensive design in the area of the picwoff in arder to withstand any exces-
sive g load enviranment.

Advantages of this type of drag body system are fast response, a (Ow pressure
drop and essentially no moving parts. The disadvantages that are 'migue to the
Bendix force-screen flowmeler are the nead for a density measurement, further
development, espacially in the area of flight wehicle usage and redesign for

high g force enviroment. In addition, very little information is avairlable

on cryogeni~ operation at LH? temperatures. As for two phase or cryogen

gas mass flow near but below the boiling point of O or Hz, m» test data are

available.

3.3.2 Cox Instnments Division of Lynch Corparation

Cax manufacturcs only ane cryogenic flowmeter and it is a type one, t bine
and pickoff design. In addition, they mamufacture two other designs, the
"rotometer” and the variable reluctance spring loaded force spool meter.

They are primarily noted for the nanufacture of primary weight type flow
calibration benches. Those standards are used by the Air Force and others

for calibration of fuel flow meters such as used on aircraft. They are not
suited nor intended for cryoganic uses but illustrate manufacturing capability.

Tt. Cocx turbinemeter consists of a free-moving suspended rotor and a signal
pickoff. Fluid or gas flowiny through the meter makes the rotor aurm at an
angular velocity directly propartional to the rate of flow. As the rotor
turns, the blades induce an alternating current in the signal pickotf.
mefteqmmyofﬂussigmlxscalnramdwbepmportmltometateof
flow. An elecirical coil, contained 1n the modulated carrier pickoff, forms
part of a tuned high freguancy oscillator ci~wit. As each rotor blade

oonstant 5 volt anplitude square wave with frequency proportional to volumetric
flow rate. The stiength of the sagnal inmproves signal to noise ratio and
permits long distance tranamission.

In addition to the pickoff and the rotor assembly, the flowmeter body contains
the inlet and outlet flow straightensrs and the hub and bearing assembly.
mtm.mmmmwmm:uotmeqmnymm
mtaw\g to the iynzyotdnl'ndymusmg The bearings are of the
type are 440 ¢ CRES. [11]

E
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As the turbinamgtar cutput is in volumetric (V) flow i density (#) measure-
ment is necessary in order to provide macs fli rate M). Cox does not make
a densitometer and requires that the customer provide his own density measuring
systam,

Potentaal capability depends upon the develcpment of a bearing design which
oould withstand long periods of "dry” operation and the establ:shment of
suitable calibration facilities or corresponding test results.

The calibration facilities at Cox were oriented toward hydrocarbon fuels and
no Jfacilities for cryogen calibration were available. Calibration facilities
using water as the media were available; however, the position that a transfer
or k" factor is applicable to convert these data to a cryogenic equivalent
is highly questionable even within an acceptable toclerance (<SY). [12]

The advantages of Cox's turbine flowweter are typical to any of “he other
seven turbinemetsr candidates. Several manufacturers use PF pickoffs rather
tha: magnetic which in itself is only an advantage cver magnetic drag at
low speeds. Turpinemeters are highly repeatable reqardless of installation
position, lightweight and conpact in size, and the output signal is digita:.
They require only a short straightening section and have a long hustory of
successful cryogenic use. Their major disadvantages are tha” they need a
density measurement for inferential mass flow and bearing wear due w over-
spin or gas flow may present a probiem. A comparison of errors for each
tvpe of meter is made in section 3.6.3.

3.4.3 Eastech, Inc.

A delta shaped bluff body type three flowmeter is installed with the bare of
the delta facing upstream. Fluid vortices are formed against the bluff body
and shed off its downscwam face in a regularly oscillating pattern., The
frequency of oscillation is directly proparticnal to volumetric flow rate,

for either liquids or gases. Vortex shedding frequency is sensed by a pair
of glass coverad themmistors embedded in the upstream face. The thermistors
ae electrically heated to a temperature above that of the flowing stream,
and sense the cooling effect of the vortex shedding by changes in terperature,
and therefore resistance. Outpit is in the form of a pulse train, frequency
proportional to volumetric flow.

The Eastech bluff body flowmeter output is proportional to volume.ric flowrates
and sirce it reqiires the measurument of density, 1t 1s another example of an
inferential mass flow meter. This type of meter 1s defined Uy tnhe equation:
F a ACp lz
P 2

This output reduces topv2 and must be inferentially combined with the addition
of a densitometer measurement to provide mass flow cutput as shown oy:

ﬂ%_z aye VvZ v /OV:B'A
The manufacturer's literature claims working temperatures frum "+400 F to

Cryogenic® and "any and all liquids, gasaes or sluries”.
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SNALOG OUTPUT (4-20MA ETC) —

e

BLUFF BODY

U
SQUARE WAVE OUTPUT(0 TOSV)

Figure 3,3, S-lEg The Eastech Bluff Body Schematic

A good deal of information was roted as to capabilities in minimm and maximum
flow rates of gases and liquids at 60 F; however, no information was found an
to this type of flowmter in actual operation at a cryoger. liquid (LH2 or 102),
a cryogen gas (H2 or 02 neer its boumgfuint)ormmmidm

point of hydragen (2 - 5 K) or oxygen 3}

The basic design principle stould work at relatively high flow rates of cryo~
qucliquidsmﬂmjmnlnmuﬂam&mmdel lhaped
bluff body is so strong that it varies the direction at which the onooming
flowstreems hit the front face, The major problem which would need to be
answered would result from the addition of heat to tha flowing media by the
self-haating thammistor and the resulting localized boiling ard flashing
that might probably oocur. This would also probably be greatly increased
as the flow rats decreased.

Eastech flowmeter design is a relatively nsw concept, having beer. camercially
available since 1969. Their experience in cryogenics involves anly the use of
IN2 in the commerical market. They have no cryogenic calibration facility
and no experience in measuring cryogenic liguid or gaseous hydrogen or cxygen.
For any future use on a2 space vehicls, extansive redesign and testing wouid
be necessary; howsver, the generai design concupt is sufficiently pramusing
to warrant further evalaation.
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imryadmmguofdustypeoftmeermmumanmxﬁc-
and j.nstal;at.im costs, virtually no maintenance, and an all digital
output. In addition, the ratio of frequency to flowrate (calibration factor;
isqownudbyqxlymdimims: the width across the bluff body's face
uﬂﬂem;dedmofthem,mmmmmym:anorxﬁce

the angular womentus pnnc:.pal They are primarily an “engineering house"
Igncializm in avionics equipment. rucently they entered the flowmeter field
with the fuel flowmeter for the 747, DC-10, F-14, and S-3A airplanes.

They are ®icensed by Elliotts of Bnglard to manufacture their flowmeter design
and have .ntegrated it with their electronics to form an angular momentum true
mass flowmeter system. Although they have no cryogenic flowmeter design,
fabrication or test experience, their flowneter concept and previous engineer-
inpeerpertise warrants evaluation.

The flowmeter operates on the angular momentum principle and generates two
pulse gignals which are time displaced an amount proportional to che mass
flow rate. These time dispiaced pulses are used to trigger a high f requency
oacillator "on® and "off" to generate a burst of pulses, the quantity of which
over a finite time period is proportional to mags flow rate. The high frequency
pulsee can then be counted or used in a digatal to analog converter to provide
a display of flow rate.
A cluster of straightening tubes upstream of the orifice plate and pressure
tape act ag a flow straightener to remove fluid swirl to munimize the effects
of upstream piping conditions.
The fluid to be measured is passed through the flowmeter which converts the
flow rate into two electrical signals., This is achieved by using thc mass
of the flowing media to create a proportional angqular displacement between
o continuously rotating magnets. Thege magnets, which are driven by a

100 rpm motor, induce pulses in two stationary coils. The time
differences between the pulse induced in coil #! by magnet #1 and the pulse
induced 1n coil #2 by magnet #2 is 4 measure of mass flow. This time daf-
ference is insensitive to the spead of the motor since slowing down the
motor also decreases the angular displacament between the two magnets.

mw-emmmmemm:mmmmmnm
transmitter pulses #1 and #2 into a rectangular prlse width.
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flowreter design is that it can be used mounted external
only an orifice acting as any cbetruction. Pigure 3.3.4-2

g?
i
1

shows the mass flowmetsr mounted externa) to a 4 inch diamet main body.
The flow of the liquid through the sain body is accurately divided by a bypass
line into the external flowwetar. The fundamental requirement is that a
fixed portion of the main media be divertad into the external flowveter and
that this ratio be constant over the entire flow range. By eatablishing
fixed orifices in both the-floumeter and the main body, this condition can
be met with some small variations at the uppar and lower tlow ranges, The

i

) R

PFigur~s 3,3.4.2 (L] Flow Meter Installation

The size of the main body orifios primarily detemmines the pressure drop
across the main housing. The pruesure drop in the main orifice area detarmines

-2 - 8D72-8A-0156~-2
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Pigure 3.3.4-3 ghows the cperation of the flowmeter. The media entering

the flowmetar is first pmssod axizily betwesn radial straightening vanes to
resove swirl and othsr disturbancas., The mediz is then passed through the
rotat.™g massurument assembly. This consists of a -ane

connacted coaxially 20 a surrowxing drun by means .
The drum entirely shrouds the circumference of the impeller thus eliminating
any possible visccus drag on the impeller. The drum is ted

speed synchronous sotor unit. The motor houging is supported in the center
of the flowmeter by webs, machinaed integrally wi

P
g
4
:
¥

o ,1"; , AN _<i
-~ Qi

TR e y 3,/
4

- JEm————

STRAIGHTENING VANES

Wy

! \
MAGNETIC DRIVE COUPLING -—— —‘5 N

* -—- MOTOR ROTOR

MECHANICAL SCHEMATIC: FLO® METER

Figure 3. 9. 4-3“ Mase Meter Cutaway
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cal analysis:

n = drum anqular velocity

= inpeller torque

angular deflection

= time between d-um and impeller pulses
the mass flow rate

¢ O ©
[ ]

Torque = PFarce x radius

= mse flow rate x tangential velocity x radius

i.e., L = Mn v rdr
- n h‘dn(ti-iz)
5

and since n and ry and r; are fixed,
then L = k; Mn whare k) is a constant.
1f 7 is the spring constant
than k20 = k; M.

Now the deflection @ is measured by the time (t) betwean
electrical pulses.

i.e., OukJnthJ is a omstant
kzkjnt-kl Mn
i.e., Mec t
The wass fuel flow yate is thus only proportional to the pulee time interval t. [14)
-3 - D72-8A-0.56~2
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@c'nmwmmmri-mmwhqmnmnmofahydmrbm 18
insufficient to warrant its direct adaption to a cryogenic. If sufficient
effort was made on a calibration facility and subsequent cryogenic testing was
undertaken this manufacturer has the engineering capebility to justify :urther
development effort.

The primary advantage of this type flowmeter is applicable as previously noted
to any momentun functionary flowmater, namely, true mass flowrate. The poten-
tial disadvantages other than lack of cryogenic data, either gas or liguid,
are: (a) the use of ball bearings in a cryoyenic gasems madia, (b) the use
of O~ring seals used in the housing, (c) housing material being aluminum, and
(d) a possible hydrogen erbrittlement problem in the use of a NiSpan spring
(42% Ni and 40% iron).

3.3.5 Fishar and Porter

This type of flowmeter 18 of the volumetric turbine type. 1Iix: turbine rotor
is mounted in the path of the fluid stresm and is the tranaducing elament of
the meter. The fluid stream exsrts a force on the hlades of the *urbine rotor,
setting it in motion, thus converting the linear velocity of the process fluid
to a precisely equivalent angular velocity producing rotor mtion. The rota-
tional speed of the turbane is proportional to the fluid vel.city and hence
to the volune flow rate of the stream.

The rotational speed of tiw ,tor is monitored by the extemmnally-mounter! pick-
off assembly. Two types of p.ckoffs are available on most Fisher and Porter
turbine flowmeters, Magnetic and "No Drag® F¥'. The magnetic pickoff contains

a permanent magnet and a coil. As the turbine rotor blades pass through the
tield produced by the parmanent magnet, a stamting action takes place inducing
an a-¢ wiltage 1n the winding of the coil wrapped around thc magnet. A sine
wave having a frequency propartional to the flowrate is developed. The choice
of RF or magnetic pickoff is depending on the rate of flow and the cryogenic
tanperature. At low speeds, there is a magnetic drag error effect using
magnetic turbire blades. In addition, at cryogenic temperatures, some blade
material properties charge drastically toward less strength. With the “No Drag”,
Fr type picknff, an osciliator applies a high frequency carrier signal w a

coirl in the pickoff assembly. The rotor blades pass through the field generated
L7 the ooil and modulate the carrier signal by shunting actiocn on the field
shape. The carrier signal is nodulated at a rate correspording to the rotor
speed, which is proportional to the flow rate. With both pickoffs, the
frequency of the pulses gereratad ocecomes a measure of tha flow rate an® +he
total mmber of pulses measures total volume.

Since the output frequency of the turbine flowmster is proportional to tlow
rate, every pulse fram the turbine mster is equivalent to s known volume of
fluid that has passed through the meter; totalizing theae pulses yields total
voluretric tlow. Totalization is acoomplished Ly electronic counters speci-
fically designed for use with the turbine flownsters; they cambine a mechanical
register with the basic electronic counter. ({15)

-3- 8072-6A-0156-2
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SIGAAL PIGOFF COIL-OUTPUT FREQUENCY
PROPORTIONAL TO FLOW

Fom s
\ "R~ 4. 70 DIGITAL RECEIVER

OUTLET ROTOR SUPPORY

INLET FLOW CONDYTIONE] TURBINE ROTOR-VELOCITY 0¢ ROTATION
AND ROTOR SUPPORT IS PROPORTIONAL TO FLONRATE

Figure 3. 3.5-1 The Fisher And Po cer Turbine Mater

flow capability for this turbine meter.
fact, he states the change in te from dnlxq\nd‘cwoqauc)toﬂ\e
y be as greac as 170 times. ‘16]

meter user would have to provide his own dansity measurement (f‘x\-M).

The potentials cability, advantages and disadvantages are th. same as the Cox
turbinameter. There appears to be little, if any, desigrn difference between
the Cox and Fisher and Porver turbinemeters.

3.3.6 Flow Technology, Inc.

The three types of flowmeters manufactured by Flow Technology, Inc.. are of

the wolumetric flow type. They operate on the principal of the roqu vane
and either an FF ar megnetic pickoff (Type ). In the latter, the poor strength
characteristics of magnetic material in cryogenics is overcome by inserting
magnetic material slugs in the stainless stsel turbine blades. The drag error

-2 - 8072~8A-0156~2
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is still present at low speed but the unit has structiral stremgth. The ~tandard
aurbinmmeter is the primery design and differs little fram previously ¢ .wmsed
designs. There is only one flow straightener and it is located upstre of

the turbine blade. [17]

No densitameter 18 provided 8o to determine mass flow inferentially; such
a measurement would be needed. The basic design 18 very similar to the Cox
and ReP turbinemeters previcusly discussed and the advantages, potential and
disadvantages are about the same. The manufacturer ciaims capability wn
measuring liquids and gases but no data have been iccated to substantiate
this. As with each of the 15 flowmeter candidates, further investigat:on of
this type of flowmeter design i3 warranted because of their past proven
experience in measuring volumetric flow of liquid cryogenics.

Figure 3.3.6-1 The Flow Technology Turbine Mater

3.3.7 Foodboro Instnmentation
Two types of flowmeters are mamufactured by Foxboro. a turbinemeter (18] and
a mass reaction momentum type. The turbinemeter is rated for -150 F maximusm,

wslmmmmwymmmmmamw
environment. It 1s only mentioned to indicate Poxboro’s capability.
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fiollowing x. ip:
f-E- £ = rotor frequency or speed
M k = a meter constant
ct]:(-%z' M = t“e mass flow rate through
the transmitter, poundg
pexr second

mmwmmmmumuﬂpo&numelmxmlmmth

CLUTCH CuP
AT TACHED TO
ROTOR SHAFY

BROCESS FLUID EITS
ROTOR WITH SAME
ANSULAR YELOCITY

TORQUE

MASNE TICALLY
COUPLE FAOM
WMAGNET TO CLUTCH

MOTOR DMIVEN
MAGNET

PROCESS FLUND
EXITS TRANSMITTER

T T T

CONSTANT TORQUE
MMRETIC CLUTCH
Figure 3.3. 7-184  The Foxboro Mass Momenturn Mater
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The converter/totalizer uses period meacurewsnt to convert the flo seter
signal to mass registration. This is made poesible by utilizing the inverse
relationship between frequency and period.
T--} T = flowmeter signal period
f = flowmster signal freguency

Substituting this relationehip inte equation 1b provides a direct relaticoa-

. (1)
M-kT'kT

Circuit logic 18 desianed to measure the transmitter period (T), multaply
by the transmitter constant (k), and produce a driving signal for counter
operatian.

This meter has been used a great deal in - -e cryogen liquid transfer field.

The meter is position-sensitive and desimel {.u only vertical (+10 degrees)
use; therefore, its use on airborne equijment is guestionable. In additiom,
there are no data avai.able or its use as - true mass ¢as flowmeter. The drave
motor 18 mounted exterior to the flowing cryogenic and in conjunction with a
hysteres1s drive is connected to a single axial vaned impeller (Figure 3.3.7-2).

T PICKUP COIL

/ ~ ROTOR SHAFT ASSEMBLY

FLOW
Mo i —~ HYSTERESIS DRIVE
o .T o T
&5 - —h——T.
‘{,B } _~’
Ceeow ' ~ MOTOR

STRAIGHTENER,

\rm— )

Figure 3.3. 7-20) The Foxboro Mass Mater Instaliation

Torque 1s maintained constant and the impellcr speed 1s varied inversely with
the mass flow ra‘e. A measure of the impeller speed is a measure of the mass
flow rate. This schame has the character:stics of high resolution at low flow
rates and decreasing resolution as the flow rate increases. The basic angular
true mass design warrants further investigetion for use as a true mass
cryogenic gas flowrneter.
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3.3.8 Genaral Rlectric Cadgpeny

nnnmmcmmmmubymnmmuummm-
rentum design (type four) [loeeter. It consists of a Slowmeter transmitter,
mmu,mmwmxm.mmmam‘mmpmmm.
mtmumtmumiwofmmu—apzmm
and a bypass elemant.

The primary detector senses angular-momentum rate, which is dspendent upon
mass rate of flow. Its function is %o generate an elentrical voltage signal
proportional to the true mass rate of fluid flow. The bypass is a conventional
arifice plate in a main pipeline. The purpose of the bypuss is to divert a
fixed fraction of total flow from the sensor.

The flov sensar covprises seven basic elesents ~- two rotcrs, a restraining
spring, an electramechanical pickoff, a drive mechanism, a flow chamber, and a
housing for the electrical omponents.

‘The primary hydraulic elemgnts are two similar aal flow roters di-oceed
end—-to-end within the fluid chasber (Figure 3.3.5-1).

RETAINING SPRING

NBRLAR SPACE

FLUID PATR

REMOTE INDICATER

FLOM SENSING ELEMENT

Figuie 3.3.8-1 c' The General Elactric Mass Flow Meter

REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.



Space Division
North Amencan Rockwed

mmmnmmmthmnstmtaquwmmtmm
each unit mass of fluid in transit. The downstream rotor 18 a sprinc-::strained
element that reoves all angular momentum fram the fluud. In consequence of
Nawton's third law, the fluid exerts a mechanical torge that :s in precise
linsar proportion to mass flow rate, independemt of density, visoosity, -or

any other physicai property of the fluid or environmental condition. The
downstream rotor is restrained by the spring to deflect propcrtianal to

torque. The pickoff operating in conjunction with the dowmstream rotor
generates an ac woltage proportional to deflection.

The fundamental equation relating the tranamitter output signal to the flow
is as follows:

-2

Vo= kgRwk kg
vhere V is the transmitter cutput voltage.signal, kp is the ratio of fiow
through the sensor to the total flow, M is the tctal mass rate of flow,
P 1s the impeller flow passage radius of gyration, (u is the irpeller angular
velocity, kv is the pickof¢ wvoltage gradient, and ks is the turbirne restraining-
spring constant. The equation is general and holds for any consistent unit
system. It is a Jdirect statement of Neston's law under steady-state conditions,
1noorporating necessary physical consta. : 5 of the components con*xibuting to
the measurement.

The function of the bypass element 18 the same in principle as that of a smmt
resistor in paral!: with a nillivoltmeter in the measurement of electric
current. The basic operational rexquirement is that the division of flow
vetween sensor and bypass be 1n constant ratio. Hydraulic design must be
such that the flow rate to pressure drop ratio of the bypass element and

that of the flow sensar are equal over the operating range. This condition
cbviously would be met if both elements followed precisely the square law of
pressure drop wrsus Reynolds mmber. Both elements deviate slightly from

the square law, but they deviate by equal amounts. Conseguently, the division
of flow is cor< Wt to a high degree of precision over the entire operating
range.

An important design factor is maintaining turbulent flow conditions in the
sensor and bypass over the operating range. C(therwise a precisely constant
division of flow would be difficult to maintain over the taansition region.
Fluid turbulence prevalis in the sensor fluid chamber at all flow rates, even
2ero, by virtue of continuous impeller motion. Over any practical flow rarge,
turbulence in the bypass can be maintained *hrough proper selection of pipc
and orifice dimensions.

Additional latitude of bypass dimensianal control may be obtained .y intro-
ducing a second orifice in the flow sersor piping. The flowmeter is designed
to incorporate the second orifice, although test data indicate that it is
not a funrtional requirement whece only a small fract-on of total flow
passes through the sensor.
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standardizing the flow sensor design for use with flowmetsrs covering a wide
range of flow cepecities and fluid properties. The range in flow capacities,
without modifying the sensor or sacrificing performance cha-acteristics, can
be as low as onw llvsec full scale, and there is no upper l..it. Bxcept for
possible sccondary effacts on pressure drop, there are no limitations on the
diameter of the main pipeline. Different flw capacities and pipe diameters
are accomndated through orifice design. Ext-eme versatility. reduced size,
weight, and cost, and hich reliability are significant advantages realized

througr ee of a byovass elsment in conjunction with this mass rate-2>f-f'ow
Sensox.

Particula.ly close attention 18 given to mschanical and hydraulic design of the
gensor to obtain optimm perfonmance. Spurimus vortices and cavitation are
wnhilited through flow passage contours having no abrupt changes in direction
or area. Secondary effects on linearity due to flow passage irreqularities
and fluid couplirg phenamena are suppreseed by means of balance of impeller
speed ard axial tluid velocity and through flow pessage geometry (Figure
3.3.8-2). By subdividing the impeller flow passage with a multiplicity of
thin-walled tubes, the effects of fluid coupling are made negligible.

Rotor axial misalignments are minimized by mounting both rotors on a cosmon
shaft through precision ball bearings.

FLUID PATH
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transducer. Operation is equivalent in principle to the well-known differen-
tulmfomr._ The pickoff elanent in the fluid consists of two symmetrical
esguents of a laminated hollow, soft iron cylinder rigidly mounted on the
downstream rotur. The stator, radially symmetrical and concentric with the
dwnstream rotor, compriges four salient poles of laminated soft 1von and a
magnetic flux return path. It also carries all co1ls associated with tne
pickoff. Although the rotor is exposed, the stator i1s located external to

the fluid flow, separated from it by the flowmeter casing.

The upstroam rotor, or impeller, is driven at a relatively low, precision-
controlled constant speed ‘240 rpm) by a two-phase synchronous motcr. The
entire mechaniam includes a cylindrical permanent magnet rotor that is an
integral part of the impeller and a stator mawnted autside the fluid chamber.
Electramechanical functions of the flow sensor fall in two categories -
maintenance of constant impeller speed and detectian of angular deflection of
the pickof! rotor. The motor drive and pickoff signal power are transrutted
by magnetic lields through walls of the fluid chasber.

The use of this type of flowmeter in gaseous service on a continuous basis

1s subject to further study and specific detailed testing. Erosion due to
prolonged exposure and ball bearing failure are two problems not fully
understnod. The use of O-rings or silver-plated inconel chevron finys and
hexmetic seals such as 1nert welds are a subject of further study -f thus
design is to be filly dewveloped. Test data have been accumulated during two
ptase flow and although accuracy decreased, the flowmeter continuod to

function. Thas information was obtained cver a short time span and —onsiderable
aaditicnal testing would be necessary to validate the design for continued
gaseous cryogenic flow.

3.3.9 Hastings - Raydist

The Hastings-Raydist mass flowmeter 15 an exampic Of a type five thermal flow-
meter. It is predicated on the principal that mass flow can be inferred from
the change 1n terperatures of a stream subject to a known heat flux. Several
technaques can be employed, ane of which consists of an electrically hcated
tube and an arrangement of tnermocouples to measure the differential coating
caused by a fluid pass:ng through the tube. Themoelectric elements cenerate
dc voltage proportional to the rate of mass flow through the tube.

In the heated tube system fluid passes through a tube, wuformly heated by a
transformer. The tamperature distribution about the rud-point :s symetrical
at zero flow, 0 that themmoocouples TC-1 and TC-2 cause a null readout
(Fagure 3.3.9-1).

Fluid passes through the tube, and temperature distribution becomes asymmetrica’.
For a constant power input the differential thermooouple wutput indicated on
the meter 1s a function of heat -apacity and the mass flow through the tube.
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HEAT SINK

TUBE )
ITC-1

TC-2

LENGTH OF TUBE
L/2 Lf2

A

TEMPERATURE OF TURE

Figure 3.3.9-183 Mase Flow Meter Schomatic And Flow Relationship

The relation between the rate of flow of fluid and the heat input is expreseed
by the following equation: [23)

He = MC,, Erc.z) - (rc-é]

Me
Cp [(T-2) - (T-1Y]

whare Cp = sgpacitic Iv .t of tim fluid at constant pressure, B1U/1b/F
Ht = heat energy supplied Ly the heater, BIU/sec
Tlsttmtramemde:dtmmcuver,r

R

Y mess flow rate of the fluid in 1b /sec

1
é
|
%
;
£
:
z
:
:
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The major advantage of a themmal type mass flowmeter is that its output is
in pess directly. Its disadvantage is the lack of Jata in a cryogenic gas
application. The potential capability is sufficient to warrant further
%WmmugMymmmamm-m“mm
at or near - .

3.3.10 Honeywell, Inc.

Th2 Honeywell mass flowseter uses an oscillating drag body in a second order,
lingar, spring mess system. The rystem damping is supplied by the mass flow

body is
electronically monitored to accurately measure mass flow rate. Figure 3.3.10-1
illustrates a simplified model of tye sensor.

To,CO08¢ T

TORQUES: 2 f
DRIVING - T,COSw7¥ A
INERTIA - 1@

DAMPING - CB+C =Cym f(r )
T2 T 777
SPRING - k@ ‘

Figure 3.3. l()-lag Mass Metar Schematic

The meter consists of a drag body, torsional spring, torquer, rate sensor,
ang gmleaxiiummgehcmia The drag body is placed in the flow stream
and is electronically forced into torsional oecillation. This oecillation
danped 'w the flow and the amount of damping is linear with mass flow
ig the parameter maasured. The torsional spring serves
todetemmmafmmofmcmatmuﬂal.omuthedngbody
support 80 that bearings are not needed. 'msmrqmrxsunedtoﬁomeu'e

gﬁ
8
£
BH
8

elsctronics, drag body, torquer, and rate sensor thus form an electvapechanical
oecillator. The signal conditioning electronics utilize an autamati. min
ocontrol (AGC) technigque to maintain simsoidal oecillation and to determine

dmping. (25] (Pigure 3.3.10-2).
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®_SYSTEM NATURAL FREQUENCY

Figure 3.3, 10-2‘2‘0 Mase Meter System Diagram

OQnsider a drag body sbout 5/8 of an inch in diameter placed perpendicular
to the flow stream and suspended sbout the axis of rotation. The mode of
operation is to rotate the drag body about this axis of rotation i an
oscillatory manner as described in the following equation:

© 8@, coswt m

axis of rotation divides the drag hody into two sections, each of which acts
as an . well

FDO_A_CDpVZ 2)
2
Due to the foroed rotation the welocity of each half of the plate relative
to ths fluid will be different, vide. . one will be V + r© and the othar
will be V - r@. 1If V is always greatar than r © the torque acting on the

- is
drag body is given the following equation:

T e r(F1 - F2) (3
s rACp ,,Ev +70) - (v - re?-i] (4)
2
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awmmmmwmuusmpmym results in the following
egression for the damping torque

Te zrchA o Ve {5

The mass flow r~te is defined by,
™msAppV (&)

80 that the danping torque can be written as,

Tp = kr’Cpme %)

Sincerzamcoampamtezsofchedngbodyandmtbekmtmtant
for proper meter operation the torque equation can Le further simplified

(o r2 CD)

TD ® kCmo (8)

Bquation (6) illustrates the fundamental relationship between the damping
torque and mass flow rate. This equatian is used below to establish the
characteristic equations that describe the flowmeter.

To completely characterize the flowmeter, a spring torque and system inertia
must be considered. The inertia adds a term I @ (the torque motor inertia is
added to the drag body inertia). Since the drag body is restrained by a
torsional 8pring so as to be perpendicular to the flow stream, a toryue term
of k© is also addad. The differential equation which describes the system
can thus be written:

I© = (xCrh)® + k© = To cosen t (9)

Bypuation (9) is a classical second order, linear equation and can be written
in LaPlace Notation as,

- 1 mnz

T . k 82 ¢ 28wns+ wn (10)
Wn* J;ll
.g-kaI\/I!-

The flowmster is thus equivalently described by the differential Pguation (9)
where the flow rate is proportional to the damping term or by the transfer
function (10) where the flow rate is proportional to damping ratio. (26]

The basic design of the lmzmmfmwmmmbmu\gsor

rotating mesbars. Also, no sli waar surfaces are present.
Oscillations are restricted to 1dagmabytmwmm!
worsional spring.
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8 quadrelever deve for gyroscope applications.
It is linear and temperature stable as well as rigid when subjectad to sice

Principal disadvantages are » Reynolds number limitation of greater than
11,000, a rather large powe. consumption of 35 wat's under maxumm flow and
a null shift of 40 mv from air to LN2 at one atmospnere. In addition, the
present concept is incompatible with axidizers and a flow noi- problem

The present cryogenic data avoilable are insufficient to really establigh
the flowneter capability for cryogenic use, and no data are available on

or gagsecus mass flow measurement. the present design will in all
probability not functica in gaseous flow at low rates. The design is unique
encugh to warrant further study.

The facilities at the Honeywell Aerospacce Division are quite cample:e and
although they d> not have a cryogenic test setup, they do have & flow bench
using hydrocarhon fuels. The Honeywell corporate resources are in support
of this project, and it will undoubtedly be available in the 1 >n—cryogenic
military and commercia' market in the near future. [27)
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3.1 ITT Barton

The Barton turbine flowmstar design is a type one flowmeter and consists of
a rotating vane and magnetic pickoff. The flowmeter design group is comr
prised mainly of former “Pottermeter" perscrmel and r ts over twenty
years of flowmeter design and manufacturing capability. E§

In this design the rotor is suspended an a sleeve~type tungsten carbide bearing
between two flow straighteners which ocunsist of three bodies of equal diameter,
The pickoff coils fall into two basic categories; reluctance and inductive,
The reluctance or active coil omsists of a magnet and coil of wire placed

in proximity to the rotor blades of the turbine meter. The inductive

passive pickoff coil is similar ¢» the reluctance coil except ir.

this case it is the magnet that actually moves and produces the varia-

tion of the magoetic field. The inductive coil is empluyed when the

corrosive characteristics of the fluid (liquid or gas) are such that *te
magnetic series of stainless stekl cannct be wsed. A corrosive resistant
material is used and a mexmet is encapsulated within the rotor generatina

a signal within the external inductive pickoff coil as the rotor turns. As
notad above, a sleeve bearing is used between the siaft and rotor Th.s
bearing sees little ar no thrust due to flow and is actually in a nu.l posi-
tion re'ative to downstream thrust. A series of holes :n the hub sets up a
differential pressure across the bearing which induces a counter current flow
equal and opposite to flow. The rotor consists of a hub into which are i~
served blades. The number of blades and the measured flowrate estabi:sh the
resolution of output. The rotor sits on a shaft with the flow straighteners
and the upstream and downstream diffuser on either side.

A separate vibration~type densitameter is used uharbxmtxon with the volu-
retric flowmeter to give an output in mass flow. The dens:tameter 18 made
up of a thin vane synmetrically positioned within a thuin-walled cylinirical
support. The vane is driven at i1ts natural frequency by means of a rerutely
located driver and detector, causing the fluid surrounding 1t to be acrel-
erataed by its motion. The reactaon of the fluid mass causes the vane to
oscillate at a frequency which 18 a function of flud density. Therefore,
density (p) tunes velocity (V) is equal to mass rate of flow (M).

ORIENTA TION
ADJUST
~OMPRESSION FILTR'G CONNECTOR —
SENSING VANE > - e
——— -
; )
SUFPORT ROD \

{291
Figure 3.3.11-1 ITT Barton Denritometer
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virtually no effect on its measurement procision. Beceuse of their machani-
cal and slectronic simplirity, vibration-type densitometers are well suited
for many density measuring applications, including those of flowing fluids.
Their small size and weight, accurwy, sensitivity, and fast response are
significant positive features. Viiration-type densitcmeters can be used in
both dynamic and static fluid applications. PRurther, they can be ured in any
&ny position, on earth or in deep space, pif lines, tanks or other vessels.
It offers minimum abstruction to flow and trunsfers a minimm swount of
enexrgy to the liguid.

r=1-"
L DETECTOR

] - I
r h
L::_’DRIV[R

i
—d

v

Figure 3.3.11-2 [TT Barton Densitometer Detector Schematic

A detector is poeiticned such that is senses the machanical d:splacemant of
the plats and produces an electrical signal which is proportiocnal to the dis-
placwmant. This signal is then amplified and furnished to the driver which,
in twrn, imparts a mechanical driving force to the plate equivalent in fre-
quency to the detector eignal. Since the plate will experience the largest
displacement when it is driven at its resonant frequiscy. By means of a

“closed loop positive feedback” technique, an electrical si 1s_produced
whose fmqunrzy“is equivalent to the mechanical resonance of the plate. A
measure of this frequency provides a msasure of flud density.

ITT Barton has two additior:] advantr ,2s over others mentioned; tae null

thrust bearing and the use and expe~ience of manufacturing their own densi-
toneter .
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Ihedu@wnta;eotwiwbaningmrmmbemghgmlemem
the previously mentioned pateanted design which sets wp a differential pres-
sure acroes the bearings. The need for a dengitcameter reading is stall
samevhat of a disadvantage but since ITT Barton has the design experience

of such a meter, the impact 18 not as great as those flommeters manufacturers
that do not have this capability.

Flowmeter calibration equipment using water 5 available .t three test stands.
The total flowmster facility is approximately 20,070 square feet. No cryo-
genuc facilities are available for either liquid or gaseous hydrogen Or axygen.
as noted before, little or no cryogenmic test data for a iliqud using thus
meter 1s available and none is availahie for mass ga: “ryogenic flowrates.

3.3.12 Quantum Dynasics, Inc.

This is a small iaboratory type flowmeter ampany which manufactures a tur-
Line type vane impeller utilizing an RF type pickoff. The velocity of the
fiwd rotates the vene whach interrupts the RF signal, the resulting pulsed
output is proportional to flow. Sewveral unique characteristics of this de-
sign are the use of a dual turbine setup which allows relatively no bearing
movement or load under flow and the use of an integral capacitance measure
ment to give an output of dersity proportional to dielectric constant.

1he Presigant of Quantum Dynamics (Q.D.) is Dr. Fredrick Liv who has pub~
l:sned a mmber of international papers and is considered an authority on
various phases of cryogenic flow phenamena. The Q.D. facilities are fa:rly
small, consisting of rimrily a test lab, machine shop and an electron:cs
design assembly area.(30] Although small, the facility capability in dasign
and fabrication seems to be more than adequate in regards to the flowmeter
degsian ard the electronics agsociated. Calibration facilities are available
to establigh the flowmete: characteristics either using the actual media ar
aprroximating at.
As previously noted, Q.D. flowmeter degign utilizes several uniqu: principles.
Two sets ~f rotating blades, mounted to a single shaft, result in a aear flow
match. An "i ing” turbine rides "piggie back" on the rotating
shaft of a slav= turbine. Poeh tuarbines respond to the same flow at
approximstely the same spead o the relative motion betwgen the indicating
tw:bine and 1ts bearing shaft is maintained at near zerc level. A near zero
impedance zone between the two turbines 1s created. Thus then reluces the
retarding force to a constant minimum level over an extremely wide range of
flowrate. Besides long bearing life, thus results in exceptional response
sensitivity and two well matched impedance zcnes in the flow field — a
feature #hich 18 highly benaficial €rom the fluid-dynamics standpoint.
(Figure 3.3.12-1) The sensing pickup does uct operat ' un the principle of
magnetic frequency pickup and as such, does not suffe. from the resultant
magnetic draq errors. It instead operates at megahertz frequoncies whach
iumparts no retarding force to the movement of the turkine. This packup uses
a servo-controlled eisctromagnetic wave absarption principle. Free from
temperaiure dependent magnetic coupling, the cryogesdc pickup can be used
as effectively at temperatures of 10K as at 300K.
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CRYOTRONIC PICK-UP

- 39 -
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FLUIO CONTROL / i SLAVE TURBINE
DEVICES <{INDICATING TURBINE

P
Figure 3.3.12-1 ntum Dynamics Turbine Meter Cutaway

By adding a density meesuring device to the flowmeter, a mass flow system
can be produced. The measuremant of dielectric properties of the media is
converted to a divect indication of dangity. The density measuremsnt sec-
tion, hereafter referred to as the dielectric-to-density converter (DOC) is
based on the sensing of the dielectric constant of the fluid, but the
mmasured density () is obtained by on-line electronic axputation of the
soopic dielectri : (5.51)/‘6”’ - o s be a linear

-+ c . the . O a
f.\n:umotthnity%l ﬂ:mmmnzcb{sa G cylinder with
ghueld ring design. Its dislsectric msasuremant circuit cperates at matio-
frequancy and generates a 0 to 5 wolts analog electronic output which is
directly proportional to the fluid demsity (Figure 3.3.12-2).

The DOC ueed in mass flow measuremsnt essentially measures the average den-
sity integrated over a designed length of fluid column. The dimansions of
the cylindrical capacitors thus detemine the dynasnic response of demsity

sensing. However, for local sensing the electrxonic response of DOC can be
made extremely fast.

The diglectric sensing device is fahricated as a ssries of rings and can be
an inteqral part of the floewter. The totalized system output may be in
either mess flow, volumetric flow or both.
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Figure 3.3,12-2 (Quantum Dynamics Inferential Mass System

Quantum Dynamics' privwary advantage is their approach to the design and manu-
facture of a mass flow measuring systsm. Material selsction and falaication
excellence is backed up by careful theoretical calculation and finally ewpiri-
cal testino ‘= done to verify the basic design. The concept of using a turbine
meter and a capacitance densitometer to determine mass flow inferemtially is
of the concept is most unigque, howsver. The turb) bearing design,
which is based cn the Fetroff-Sommerfeld theories eliminates the priine
problem of burqulugeduntohzghquvelocxtuem&hubomamjoz
proclem of the turbine meter design. Quantum Dynami fT

the transition phase ot LH2 from a liguid to a gas (z« -230132 uuemxy
infopnation to be foud on this subject. The disadvantage of Q.D.'s system

18 that 1t does not Mmeasure mass flaw directly but inforentially and therefore
requires a camplex measuring sy-tem.
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3.3.13 Ramapo Instrunant Co.

The Raspo Instrument flowmeter is of the fixed area or drag/target/design
(type two). The momant of the following fluid against tha target deflects
a cantilewred beam to which is attached ane leg of a balance strain gage
bridge. The construction is gimple with no moving parts necessary and the
resylte are a sinple rugged flowseter. (Figure 1.3.13-1) The output 1s
Wumlwsumadmmmtmpﬁ

Force » CpAp V? uwherein

C pehe dr. ag ooefficient is a constant depending on the configuration of the
drag body, the beta ratjo and the lines' Reynolds mmber. The area A and

To extract nmoss flow fram this type of flowmetar, an inferemtial method must
be usad. Since the output signal of the flowmeter is g 2, it can be made
i low

to yield mass £ bjmhngmmd?udmtm of fluid density
{ M), performing the diviai \n v/p.z. ing “he square-rooct of
w2 to give v, and finally mal /O By v to yield mass flow(M). This

Wnsm&ntmml&e integration of both the densi-

STRAIN GAGE

fORCE XDU\,..:\
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LEVER ARM
——rTITTA e}

T~ PIPE
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FLOW (FORCE) C:_'.J.‘> ( |
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&3
Figure 3.3.13-1 Ramapo Drag Body Volumetric Meter
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Rmpodoumpmtmsdmu 1 and only mamufactures
and s ty measuring capability y

No information is provided by the manufacturer as to his cryogenic calibration
capability.

The advantages of this type of drag body design flowmete: are simple construc-
tion and no moving parts. The primary disadvantages are typical bonded strain
gage tesperature errors, a lack of cryogen data and the necess:ty far a den-
sity measurement in order to obtain mass flow.

3.3.14 Rosemount Engineering Co.

Rosemount does not at present manufacture a mass gas flowmeter, however, since
they represent the only thermal type flowmeter actually used 1in a@:jctical
application, they are presented for their historical information.

Ouring 1964, North American Rockw:ll established requirements tc measure low
rates of mass flow of i; and 02. Ambient temperatures of -65 F were expected
anc the low gas temperatures vere -125 F and -175 F for the 07 and M2 res-
pctively. Each transducer shiped fram Rusemount went tiwough a camplete
calibration at the above noted limuts prior to delivery. All hardware per-
formed withan tolerance ‘it S8%) while mounted and used in the rather linited
trt location 36) s ‘hsequert test at NP after gqualification was cc uncover
certian inherent design deficiencies. The tranaducer which :ncl ded the
Cletronics ama the thermal flow gage, was attitude sensitive, pressure

T «iwe sensitive, redia, vibration amd shock sensitive, non—linear in output
+sl thermal neat ransfer sensitive between the case and the mowting sur-
faces. Most of tie above problems could have been resolved with same pasic
Ladesign of the unut. As 1t finally turmed out that the senscr 1n use actually
saw a much rore muld environment and was located on a horizontal plane between
“wo fittinys, no redesign became necessary. The final measurement configqura-
t:ion performed well within the final accuracy requirements of $10%. {37i

Fosemount’s Jesign of a mass flow sensor consists of two 1dentical sel:-heated
resistance elements (refer to Figire 3.3.14-1). These elements differ only in
that one element !A) 1s allowed to transfer heat to the flow mediun while the
other element (B) 1s not. The transfer of heat fram element A 1s a function
of the thexrmal mass flow rate(Cp O V)of the medium being measured. Where:

Cp 18 the specific heat, 0 18 density and V 1s the volume {low rate. The
temperature {and resistance) of eierent B 1s not influenced by the thermal
mass rate ancd 15 representative of the no-flow condition. The identical de-
sign of both elements should cancel cut any other influence which may affect
the output directly, such as the heat conduction through the case cf the
senaor.

The resistance of both elemants are campared 1n a bridge. The results of
this oomparison are likewise a function of thermal mass flow iute (Cppvt.
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CONTROL CIRCUIT
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Figure 3.3.16-! Thermo-systems Thermal Mass Meter Schematic

The temperature compensating element is adjusted to give a constant voltage
versus mass flow output from the control circuit even though envirorment
tamperature changes. It does this by changing sensor tawperature in a man-
ner to acoount for both changes in temperatwre differences (tg - te) and
changes 1n temperature sensitive fluid properties.

For a given fluid media, the sensor measures local § V. Its position in
the center of the noz:le allows an accurate and highly repeataple deter-
manation of total mass flow independent of temperature and pressure variations.

Two outputs are provided. One cutput is the non-linear signal directly fram
the bricge circuit, while the sroond output is linear with mass flow.

The flow transducer hvs a heated platinum film sensor on a support located
at the throat of a smoth venturi. A quartz coating over the platinum fil.
provides protectaon to *he sensor. Inlet screens straighte flow and trap
large particles. In clean fluids, the screens can be removed for lower
pressure drop. The transducer hnT no moving parts and will withstand high
levels of shock and vibration,!®0] (Figure 3.3.16-2)
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It should be noted in the dafinition of W that L, k, P, Cp and A are constant
fwagimfluiduﬂmatagimtmm@m hence, the
parametar W is proportional to the mass flow rate.

The principle of operation of the REC Thermal Mess Flow Sensor is based upon
laminar flow through the elements, and also dictates that there will be a
sensitivity reduction at high flow rates. Thase factars act to limit the
range of the unit at a maximm of about 100,000 scc/min gas flow rate and
about 2000 scc/min for liquids. dinismm full scele flow rates are about
5.0 scc/min for gases and about 0.1 scc/min for liquids.

Sizing of the REC Thermsl Mass Flowmeter is acoomplished by varying the num—
ber of shunt tubes within the sensor guch that the amount of flow passing
through the sensitive elemant is nearly always the same.

Siunce the cutput of the REC Thermal Mass Flow Sensor is a function of the
CppoVof the fluid, if mixtures of various fluids are to b oeasured, care

be taken to assure that for variable mixtures, the Cp's of the consti-
tuents are equal. For mixtures of fluids with dissimilar Cp's, the resultant
mixture Cp must remain constant within the limuts of sensor accuracy require-
ments.

Variation in k, P, and Cp with temperature and pressure will cause systeratic
errors. These errors are coxrrectad by design techiiques defined as “campen-
sataon”. Variatiuns in L and A cause negiigible error.

Corpensations of the effects due to tumperat < for the thermal conduccivity,
specific heat at any one pregsure and tne powe. “+_.-ge can be achieved using
a third element located in the same heat sink and nsasuring the heat sink
tamperature. 'I?usknsbemmlishedbym this element to program
the voltage to the bridge or the cutput from the bridge, as a function of
the temperature and hence, ommpensating for the exror. This campensation is
linear, allowing the compensation network to be set to provide zero error
at two flow pownts in the flow range. Over the rest of the flow range, an
error will occur and will be due to the differences in shape between the
compensation curve and the actual arror curve.

The temperati.e coefficient of the Thermal Magse Flowmeter (TMF) will be cam-
pensated to within 0.025 per F for most fluids and ambient tamperature

Spans.

The senscr can be designed to operate anywhere within temperature range of
~250 F to +500 F providing that no change of state of the measured fluid
occurs within that range. For wide terperature range operation, the sensor
can be provided with an intermal heat exchanger and tamperature control
circuit to maintain the fliid temperature within a range that will allow
good measuremant accuracy.

In actual operation, the basic equation and predicted values were not ob-
tained. The sensitivity problams previously mentioned leads to the
conclusion that further work 18 neceesary on this design.
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3.3.18 Sirmonds Precision

Simmords Precision makes a type one infevential mees flowmeter by combining
a dansity and velocity of flow measurement. A rotating vane and magnetic
pidnftismadv@thaapmmm. A hemeycasb flow strzightener

cylinders. nnummxtmqumm;mtcutvansmm-
portion to Wmmdmnmmmmmmm.
This method works well with ary non-polar liquid which has a dielectric com—
stant to denr ity relationship that follows the Clausius—Mosott: Law.

"__. —

3\ CONNECTOR
S

f __—PICKOFF
i i !
— S 20 I B !
" . __~‘} s = ‘
, - - - ~I {
] A R A ST
J?\S “.3 ' |
. e . - 4 1
e NN s N1
COMPENSATOR — P —

{38)
Figure 3.3.15-1 Simmonde Precision Inferential Mass Flow System

The turbine elemunt produces volumwtric flow rate pulses and the campensator
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Figure 3.3,15- ﬂSimmomls Pracision Flow Mase System Schematic

"he entire system, tne flowmetsr, cepacitance-density plates, and the maes
elactronice is packaged in one unit with the theoretical transfer function

EERR IR

=  fluid mass flow rate Cc =  capacitance in fluid

fluid volune flow rate Co = capacitance in air
&§ B = oonatants

snmmmmaumm:pemsmbammmmtmear—

eice the flowmetar for use with a but limit “fuel envizommental
rangeg” to - 65 F. mtuihtymmtvuimdunitiamtmibhm

E R {]
L]

us1ng a capacitance to dansity method. awiminmxtymwmu
mass measurenent areas provide them with more infoonmation than just the tur-
bine meter memifacturers alone.
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3.4.16 Tharmo~Systems, Inc.

has been building a thermal flowmeter (type five) device since
1961.. The design congists of aelf-heated probe exposed directly to the
flawing stream. The energy transferred to the fluid is determined by its
tharmal conductivity, the mass rate of flow and the velncity dist-ibution
over the cruss section of the tuhe in which the fluid flows.

ﬁ;f@r&hmmﬂymhtadﬂuwhﬂnmﬁmﬂtymumu
ollows:

M o= PAV M = Mess flow rate
{0 = Flowing density
V = Flowing velccity
A = Crous ssction area of channel

If channel area is constant, it inmcassarytodetectmlymepmductpv.
This quantity represents momentum per unit area of the fluid stream.

In the Thermo-Systems designed mass fiowmeters, a platinum film sensor is

located directly in the flow stream snd comnected electrically as shownin figure
3.3.16-1. This sensor is heated Ly current from the control circuit to 2

temperature above that cf the fluid. The stresm carries anergy away from

the sensor in propcoetion to the flow rate. A change in mass flow xate will

tend t change the sensor tamperature ‘resistance), but the wiplifier 3erses

any resistance change {due to bridge off balance) ani feeds hack more ar

less current tc keep the bridge balanced. It can be shown that the power

required t. maintain this bridge balance is:

P=Py+k (DVIBits - tg

whare: P = Power a = BExponent
k = congtant tg = Sensor Tamperature
[ = Density te = Flud Temperature
V = Velocity

P = Powegr with Zero Flow
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CONTROL CIRCUIT

-—- - - - e A m e - - -y

1
!
|
LINEAR }
4

- e et g e e wn] @ -

A

[40]
Figure 3.3.16-1 Thermo-systems Thermal Mass Meter Schematic

The tewperature compensiating element is adjusted to give a constant voltage
WmemeﬁnMcﬂmﬁtmmmm
tamperature cnanges. It does this by changing seneor temperature in a mem-
mmmtmmmmmmdiffm (tg - tg) and
changes in vemperature sensitive fluid propertias.

For a given fluid media, the sensor measures local 0 V. 1ts position in
the center of the nozzle allows an accurate and y repeatable deter-
mination of total mass flow independent of temperature and pressure variations.

Two outputs are provided. (ne catput is the non-linear signal directly froum
the brilge circuit, while the srcond output is lingar with smss flow.

The flow transducer hvs a heated platimm film sensor on a support located
at the throat of a swoth venturi, A quartz coating over the platimm filn
provides protection to *he sensor. Inlet scyeens straightey flow and trap
large particles. Inclemﬂui.ds ﬂnmcanheruwadforlmr

pressure drop. The transducer "T woving parts and will withstand high
levels of shock and vibration.(¥0] (Pigure 3.3.16-2)
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TEMP. COMPENSATOR
INLET SCREENS
FLOW ZILEMENT

TRANS_UCEXR /ENTURXl SECTION

4
Figure 3.3.16-2 Thermo-systems Mass Meter Inatailation Cutaway

The measurement of mass flow rather than txaditional volume flow has many
advantages. Omrections for specific gravity, tevperature, media
presgure, and ocompressibility are not needed to obtain meaningful data.

Direct mass flow measurement process balances are straight forward. Data
reduction is greatly simplified. Control and transmission of flow data is
reduced to one signal, sinplifying oparations.

Heated probe devices require relatively low power input, and are effective
for low flxws. Disadvantages inclune non-linear response and sengitivity
to thermal conductivity, visocosity, and velocity distribution.

As no data is curvently availahle on the cryogenic use of this type of

floumeter, testing would have to be accomplished before s dotermination of
actual perfarmance could be made.
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3.4 DENSITOMETER CANDIDATES

Eleven of the cixtean flowetsr mamufacturer candidates produce inferential
mase flow measuremant using a dansity measurement as one input. Of the
eleven, four design and memufacture their own densitometer. Tnree of these
densitoveters use the cavaritance principle that density is related to the
dielectric oconstant by the Lorentz-Clausius-Mossotti equation. The other
uses an oecillating vane driven at its natuxal frequency.

The capacitance densitameter can be constructed in several different ways.
Usuaily it is fabricated as an integral part of the flowmster and is shaped
to provide flow straightsnino for the volumetric sensor pcrtion of the meter.
In saw cases, this is a honeycasb oonfigquration and in others i* is a series
of cylinders within cylinders. In all cases, suitahle openings must be pro-
vided to allow fluid flow with a minimum amount of preseure drop and a maximsn
anount of laminar flow produced. ‘The concept is predicated on the lorentz-
Clausius-Mossotti form.la. This formula is considered to be an exact repre-
sentation of the dielectri ity relationships for cryogenic fluds and al)

non~polar liquids and gases.
=nm = i?G -lt
P N +2

where: n = the maber of molecules per unit voluwe
N = Avogadro nurber
m = molecular weight
€-l € = dielectric constont
€ _Clausius-M..eotti ratio
k =3m/4WNe® ig a constant with as the molecular
polarizability
and O = density >f the media

The electronics section which is remotely located fram the flowneter converts
the sensed quantity of density by performing an on-line covputation fram
mment to mowment. When this input is sumWned with the volumetric output of
the flowmeter, a continuous ocutput indication of true mass can be provided
over the transition range from a liquid-biphase-to~gasecus state.

The vibrating diaphram densitomster used by one of the inferential mass flow-
meter cardidates operates on “he princips of Newton's second law; force is a
product of mase times accelesation (F =Ma). Vibration type densitomsters
represent a special case of the direct weight-volume measuring techmgue.
whereas direct weighing makes use of the earth's gravity As an acceleration
referaxe, vibration type densitometsrs generats their own acceleration
referance.

The heart of the densitometsr is a thin vane which is symetrically positioned
within a thin-walled cylindrical support. By means of a rexotaly located
driver and detsctor, the vane is driven at its natural frequency, cawusing the
£fluid swrawnding it to be acocelerated by its motion. The reaction of the
fluid mass causes the vane to oscillate at a frequency which is a function of

fluid dencity.
P "-‘4[* B 1
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The densitcmeter may be used in either static or dyaamic applications and such

factors as fluid flow, pressure, temperature and viscosity have virtually no
effect on its measurement precision.

The ganeralized charactaristics of this type denistcmeter ave:

a. mtimmmdmmmnam, sinte frequency is a measwe of
mmw.

b, The constants (A) and (B! in equation (1) are independant of fluid pro~
pertiss; thus, thx densitometer can be ussed for cryogenic liguids and
gases.

c. Their operation is indapendent of the earth's gravity; hence, the
dansitaneter may be used in any position and in free gpace.

d. They can be i.sensitive to flow line vibration and flow noise by operating
at frequencies sbove or below noise frequancies.

Al present, this is gtill a conceptual degsign under test and although the
theoretical review has established a real capability, the empirical confir-
mation is as yet not available. [29)

3.5 APPLICATION OF AN AVAILABLE DESIGN

The following hypotlstical problem is presanted to illustrate more clearly
the application of the flowmeter designs reviewsd. The oconclusions drawn in
this manner are not an exact answer to the stated required valves for a mass
gas flowmeter. Since no flowmeter design exists that has demonstrated the
capability of meeting these valuses, the probable flowmeter system design is
defined, the questions to be answered are stated, and the testing facilities
capability needs to be established.

The following is a hypothetical set of values for a mass gas floumeter.
Assume that we have an orhiting launch vehicle which is venting excess yas
overboard.

a. The fuel is gaseous hydrcgen at a temperature between 33K and 89K.

b. The system pregeure is maintained at a constant SO peia,

c. The mass flow rate to be measured is 1 tn 100 lb/sec.

d. "he cutput signal is to be digital.

e. The total system weight and volumne is “0 be carsfully considered as the
hardware is to be adaptable t> a lamch vehicle.
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f. T . meter size is to be 4 inches in dimmeter and the run of pipe prior to
entaring the water is of a length four times the meter.

g. Systam tranrient accuracy shall be 1.0V or better.

h. System stsacdy state accuracy shall be 0.5% or better.

1. The tame conatant shall be less than 10 millissconds.

The establisiment of the mass flow rate, the system pressure, the media anc
its temperature range defines the rfqanbility of flaumeter. The density
of hydrogen varies from 0.058 lb/ft? to 0.172 lb/ft? in the region under con-
sideration. Since a mass flow rate of 1 to i00 lbe/sec has been piked,
the flowmeter mus. he capable of measuring « range of approvmately 306 to 1
in voluwetric flow rate (fl:id velocity) as described further.

The lowest welocity occurs at the smallest mass flow rate (one 1lb/sec) and
highest density (0.172 Lh/ft3):

Viw=11b _0.1721b_=5.78 ft . The highest velocity occurs
sec

3 gec.
a* the largest mass flow (.00 lb ) and lowest da‘.sity().oss%):
sec.

VHI = 100 1b . C.058 1b = 1724 ft3 . (41] Therefore, the total range
aec 3 BEE.

in fluid velocity or wvolumetric flow rate that must be covered is 1724 to

5.81, ¢ 296.7 to 1. 7This is an extrerely large rangeability requirement but

since ti.: cbject of this exercise is to illustrate the problems involved in

determining a flowmeter’s use, we will omsider i1t a valid requirement,

With this above data establighed, we now address to the three basic questions
nvolvang the 16 candidates:

a. What flowmeters have the potential capabilities of meeting these require-
mer 8?2

b. vhat tloaneters have previous experience to substantiate their capability
claims?

¢. What test progrm and effort will be necessary to achieve the accuracy
required?

The four mass movement types can be elirnunated for three reasons, all of which

are inter-related. Their rangeability is iow, a® best 1S5 to 1. They require

mass flow rates in excess of the ane lb per second range established and final

the ratio of iwnertia forces to viscous torces must be quite high, 1.e.: Npa=
11,000 in one case.
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Tha Bluff body candidate has a maximm rangeability of 100 to i and requires
a strang shedding vortex which exoseds a > 10,000. Low velocaties of
hwszu:stﬂamnMS.thraecde‘ produce insufficient in-
ertia .

The wo drag body deeigns cansist of a centilevered beam with strain gages as
the sensor and a force rebalancing system. The beam and strain gage design
has a rangeability of only 10 to 1. The force rebalancing rangeability is 20
to 1. As to the ability of these types to measure flow as low as ane lb/sec.
at a dunsity of 0.058 lb/ft3, no information is available.

The thenmal meter and the turbine meter, both have designs which have suf-
ficient rangeability. The output of the themmal meter is directly in mass
but to digitize it the signal must be signal conditioned to a higher voltage
level. Although the turbine meter output is digital, it must be influentially
cambined with density to give mass output. The time constants of both types
are close enough to make no difference in evaluating the two. (3.6.3) In the
area of gize and weight, the thermal system probably has an advantage of be-
tween 1.5 and 2.0 times over that of the turbine meter inferential system.

Based on the relatively small amount of data available an tho use of the
thennal meter at a crytgenic temperature and the relatively large amount of
data available an the turbine meter, the transient and steady state total
acauracies differ greatly. This difference appears to be 1n ecror close to
100 times greater for the thermal meter over the turbine meter. Al-

though the turbine meter designs thameelves differ greatly fram manufacturer
to manufacturer, if the most promusing design is selected wiith the appropriate
densitameter, an accuracy of 0.108 is claimed. Past experience with one
thermal meter design and literature fram the other manufacturer :ndicate an
acuracy as low as 108. A reason for cons:dering the thermal meter is that
the des:ign conoept is sisple and in are case, nothing need protrude in the
flow stream and the manufacturing cost should be an order of magqrutude less
than the turbine meter ~ densitometer design.

Theorr tically, the thermal meter principal should work over the designed range
by using specialized calibration techniques and with further work and careful
mnstallation design, the potential accuracy could approach 1i.

Returning tc the three questians regarding the sixteen cardidates previously
stated, we can note the following:

a. The thermal and turbine meter have a potential capability for meeting the
requirements stated.

b. The turbine meter, specifically the dual blade "piggyback” ¢ype, has by
far and away the most oomprehensive data avaiiable on measuring mass gas
flow at a cryogenic temperature. Although this data 1s at the transition
point between a liquid and a gas (20-23 F), it should hold true in a

gaseous state only.
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c. The tiamal wster would require a complete redesign,an installation and
mtuiﬂaamicmndia.amdxmﬁmwmmtmlu
and further werification testing. The “piggyback” turbine meter and
capecitanoe densitameter could be tested as designed in a cryogenic

gaseous media over the teperature range of interest. Verification of its
mnb:.lity would in effect qualify it for use.

The dGual turbine meter and capacitance dansitometer is the only candudate
systam cepeble of meeting the established requirarents, and although it re-
quires considerable additional testing and perhaps some redesign, no other
system hag as much potantial for meeting the valucs defind for a mass
cryoganic gas flowmeter.
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J.6.1 FLOMMETER MANUFACTURER SURVEY TABLF
MANUFACTURER MEDIUM e ( K) T{PE-SYSTEM
AIR PRODUCTS GAS 394 VARIABLE AREA, ROTAMETER
AMERICAN STANDARD Cas 78/533 SWIRLMETER
BADGER L1qQ. 358 TURBINF METER
BADGER C - - DIFFERENTIAL PRESSURE
BAILEY LIQ/CAS 2447344 DIFFERENTIAL PLESSURE
BAILEY LIQ/SLURRY 450 VARIABLE AREA, ROTAMETER
BAILEY SOLIDS 2777333 INFERENTIAL MASS
BEMDIX LIQ/GAS 20/422 FORCE-SCREEN
BRISTOL LIQ/GAS - DIFPERENTIAL PRESSURE
BROOXS LIQ/GAS 588 VARIABLE AREA, ROTAMETER
BROOMS LIQ. 19 TURBINE METER
BROOKS LIQ/SLURRY 350/422 ELECTROMAGNETIC
BUBBLE-O-METER GAS 273/339 SOAP FIWM DISF.
C.G.S/DATAMETRICS LIQ/GAS 2737349 HOT SEMSOR, ANEMOMETER
cox LIQ/GAS 19 TURBINE METER
DANIEL L1Q. 16/810 TV, ~ METER
DIETERICH ST'D GAS/LIQ/ 227/810 DIr . JTIAL PRESSURE

STEAM
OWYER L1Q/GAS 339 VARIASLE AREA, ROTAMETER
EASTECH LIQ/GAS CRY0/477 BLUFF-BODY
ELECTRO DEV. CORP. L1Q/GAS 20/90 MONENYUM MASS
ELECTROSYN LIQ/GAS 2777322 BOURDON TUBE
FISHER AND PORTER g{wl 5/533 TURBINE METER
PAGE 1 OF 3
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3.6.1 FLOMMETER MANUFACTURER SURVEY TABLE
MANUFACTUREB _ MEDIUM TN ( K) TYPE-SYSTEM
FISHER AND PORTER LIQ/SLURRY 273/455 ELECTROMAGNETIC
FLOW CON L1Q/SLUREY 16/533 TURBINE METER
FLOW TECH, L1Q/GAS 147450 TURBINE METER
FLUID DATA LIQ. 89/477 ULTRASONLCS
FOXBORO LIQ. 78/333 MOMENTUM MASS
FOXBORO LIQ/GAS 19/810 TURBINE METER
GENS LIQ. 355 VARIABLE AREA ROTAMETER
GENERAL ELECT. LIQ/GAS 20/90 MCMENTUM MASS
GENERAL ELECT. LIQ/GAS 244/358 DIFFERENTIAL PRESSURE
GILMONT LIQ/GAS 255/373 VARIABLE ARFA ROTAMETLR
GURLEY LIQ. 273/339 TURBINE METER
HALLIBURTON LI, 200/678 TURBINE METER
HASTINGS-RAYDIST GAS 206/810 THERMAL
HONEYWELL L1Q/GAS 366 DIFFERENTIAL PRESSURE
HONEYWELL L1Q/GAS 19 DRAG BODY
IND, MEAS. LIq. 255/353 POSITIVE DISPLALEMENT
IN-VAL-CD LIQ. 200/700 TURBINE METER
ITT BARTION LIQ/GAS 19/810 TURBINE METER
ITT BARTON LIQ/GAS 222/366 DIFFERENTIAL PRESSURE
KINGMANN-WHITE LIQ/CAS/VAPOR WATER DIFFERENTIAL PRESSURE
KONTES GAS 343 OIFFLRENTIAL PRESSURE
KONTES GAS 344 VARIABLE AREA, ROTAMETER
L&N LIQ/GAS 239/ 344 FLECTROMAGNETIC
LIBRASCOPE GAS 227/333 FLOM COMPUTER
LINDSEY L1Q/G~S /SLURRY 33/810 THURBINE (OUT OF BUS.)
LIQUID CONTROLS LIQ. 222 POSITIVE DISPLACEMENT
MACE LIQ/Gas 222/477 -
MANOSTATE LIQ/GAS 200/417 VARIABLE AREA, ROTAMETER
PAGE 2 OF 3
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3.6.1 FLOMNETER MANUFPACTURER SURVEY TABLE
MANUF3CTURER MEDIUN TEMP ( K) TYPE-SYSTEM
MATHESON L1q. 394 VARIABLE AREA, ROTAMETER
MEDLO GAS 294 VARIABLE AREA, ROTAMETER
MFG-0-METER LiQ. - DIFFERENTIAL PRESSURE
MER:AM - 233/700 LAMINAR FLOW ELEMENT
WA1i0NAL INSTR. GAS 255/318 DIFFERENT™ AL PRESSURE
{EPTUNE 11q. - TURBINE METER
CLANTUM DYNAMECS L1Q/Gas 3/511 TURBINE METER
RAMAZO L1Q/GAS 219/810 VARIABLE AREA, ROTAMETER
RAMAPO LIQ/GAS 75/616 STRAIN GAGE Ln:C BODY
ROBINSON ANY -- DIFFERENTIAL PRESSURE
WCKWELL LIQ. 3n TURBINE METFR
ROSEMOUNT ENG. GAS/LIQ. 158/311 THERMAL MASS
ROTRON LIQ/GAS 233/450 VORTEX
SCHROEDER LIQ. 27177378 DIFFERENTIAL PRESSURE
SENTRY L1Q. - TURBINE METER
SIMMONS PRECISION LIQ. 20/422 TURBINE METEK
STATHAM BLOOD 289/311 ELECTROMAGNETIC
TAYLOR LIQ/SLURRY 255/394 ELECTROMAGNETIC
TAYLOR LIQ. GAS/SLURRY  233/810 DIFFERENTIAL PRESSURE
TECH VERSATRONICS GAS 230/339 THERMAL MASS
THERMAL INST. CO. GAS/LIY. 10 922 THERMAL MA>S
THERMO-SYSTEM INC.  GAS/LIQ. 227366 THERMAL MASS
TYLAN GAS/LIQ. 219/ 340 DIFFERENTIAL FLOM
WALLACE & TIERMAN LIQ/GAS 394 VARIABLE AREA, ROTAMETEK
WAUKEE GAS 339 VARTABLE AREA, ROTAMETER
PAGE ) OF 3
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5.6.2 CANDIDATE DESIGN OOMPARISION TASBLE

TYPE OF SYSTEM DENSITGMETER
CANDIDATE AND PRINCIPAL MFG'D TYPE
BENDIX DRAG BODY-FORCE RE-BALANCING YES - DIELECTRIC-
TO-DENSITY
COX INST TURBINE METER - BLADE AMD BRF PICKOFF NO - VOLUMETRIC
OUTPUT ONLY
EASTECH BLUFF BODY - VORTEX SHEEDING NO - VOLUMETRIC
OUTPUT ONLY
ELECTRO DEV. MOMENTUM, ANGULAR - MASS ©C TIME NOT NECESSARY, TRUE
ComP. MASS OUTPUT
FISHER & PORTER TURBINE MXTER - BLADE AND RF OR NO - VOLUMETRIC
MAG P1CKOFF FLOW ONLY
FLOW TECH TURBINE METER -~ BLADE AND RF OR NO - VOLUMETIRIC
MAG PICKOFF FLOW ONLY
FOXBORO MOMENTUM, ANGULAR - TORQUE AND NOT NECESSARY, TRUE
ANGULAR SPEED MASS OUTPUT
TURBIKE METER - BLADE AND MAG NO - VOLUMETRIC
PICKOFF FLOw ONLY
GENERAL ELECTRIC  MOMENTUM, ANGULAR - TORQUE, RADII NOT NECESSARY, TRUE
AND ANGULAR SPEED MASS OUTPUT
HASTINGS-RAYDIST THERMAL - HEAT TRANSFER NOT NECESSARY, TRUE
MASS OUTPUT
HONEYWELL MOMENTUM, LINEAR - DAMPING RATIO NOT NECESSARY, TRUE
TO MASS MASS OUTPUT
ITT 3ARTON TURBINE MUTER ~ BLADE AND MAC YES - OSCILLATING

QUANTUM DYNAMICS

RAMAPO

ROSEMOUNT

SIMMONS PRECISION

THERMO SYSTEMS

REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

FICKOFF
TURBINE METER - BLADE AND RF PICKOFF

VANE

YES - DIELECTRIC-

TO-DENSITY

DRAG BODY - STRAIN GAGF PICKOFF NO - VOLUMETRIC
FLOW ONLY

THERMAL - HEAT TRANSFER NOT NECESSARY, TRUE
MASS OUTPUT

TURBINE METER - BLADE AND PICKOFF YES - DIELECTRIC-
TO-DENSITY

THERMAL - HEAT TRANSFER NOT NECESSARY, TRUE
MASS OUTPUT

PAGE 1 OF 1
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4.0 CRYOGENIC LIQUID DETRCTION MEASUREMENT TECIHNOLOGY

The primery objective of this report was to present the aveilable propellant
geging systems applicable to future space vehicles. The report gives a brief
description of each system innluding theory of operation, accuracy, stability,
power requirements, and the gravitational enviramment in which the system is
dagigned to perfamm.

Propellant gaging, under positive gravity conditions, is generally simplified
due to the presence of an acceleration vector which allows prediction of the
propellant )-» ation and shape within the confings of the tank. Point senaors
of the ulti.iwanic, optical, or heated wire type are all capable of accurate
propellant level (volume) measuremsnts. Propellant volusee measuraement devices
of the echo-ranging and capacitance type vhich provide continuous measurements
are also adaptable. These systems, however, are wseful for propellant quantity
indicaticn only vwhen a dominant vehicle acceleration is coincident with the
vehicles measuring system which allows prediction of the propellant location.
The techniques of gaging propellants randamly oriented within the tank, i.e.,
under propellant sloshing aa.l zero g conditions, poses a more carmplex problem.

4.1 TECHNICAL DISCUSSION

The general propellant orientation in space corresponds to the Bond number
behavior, where the Bond mmber provides a camparison between ycavitational

and capillary effects:
BoO -P+ [42]

ﬂmP is the fluid density, g tiv -‘cceleration, L a characteristic dimen-
sion of the system (length of t* ank), and T the sixrface tens.on. For low
amduubersym. capiuazy fo .esdmﬂnteﬂshydmeutic Propellant

forces exist whid-x pu--mt the pmpenmt from assuming randaom arientations.

Theoretical stidlies indicate that, : capillary daminate regions, the minimmm
energy propellant configuration is one in which the vapor phase is present in
spherical bubbles. Energy considerations further indicate that total surface
energy is minimized if the vapor bubbles collect into a single large bubble,
wﬂadditmllymtﬂnhbhlummatmchﬂmlmwmtmkwll.
Low acceleration experiments generally verify that such minimms energy con-
figurations oocur, though some experiments indicate the metastable equulibrium
situations ocour in which small bubbles group around and attach thamselves to
a larger bubble, much like a bunch of grapes.

Thus, conpletely random orientations of propellant within a tank are statically
unstable for low Bond mmbers situations, capillary forces cause the formation
of a spherical bubble or a cluster of bubbles. PFor high Bond mmber situations,
acceleration forces although amall tand to oriaent the propellant so that a
single relatively flat liquid-vapor interface exists. Such propsllant behavior
is of fundamental importance with regard to the design of propellant mass
mBaAsUremsnt systems.

-6 - 8D72-8-0156~2
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Basic zerc g propellant quantity gaging is readily integrated into a'l phases
of propellant managament. The four pertinent applications are loading, gaging,
utilization and center of gravity oantrol.

To monator and control the level of propellants during the loading operation,
the system output is monitored by ground instrumentation wuch in turn controls
the loading ocontrol valve. Fast fill mediam fill and slow £ill rates, or
proportional flow, can be oltained based upon quantity information received
fram the propellant measurement system.

During a powered flight the ocutputs fram the two gages measuring fuel and
oxidizer on the respective tanks can be campared in a propellant utilization

o puter-comparator. The comparator determines the sense : id magnitude of mixture
ratic deviation and repositions the enyine propellant utilization valve to
compensate for this deviation. 7The result 1s close contrcl of the engine

-iixture ratio and minimum propellant residual at the end of flight.

The system outiat can be directly used for propellant volume indication by
readout on a cockpit instrument and/cr by ground monitoring through use of
telemetry.

The system outputs obtained from multi-tank wehicles provide center of gravity
control. Either manwal, sem-automatic >r autamatic control may be acoomp-
listed. The center of gravity control feature allows maintenance of a fixed
center of gravity or permits relocating the center of gravity.

4.2 EVALUATION OF AVAILABLE DESIGNS

The results of the study have produced eleven different propellant gaging
systems offered by nine manufi.turers. Of these, five systems are applicable
anly to positive g environments, and seven are applicable to both posirtive
and zero g environments. Thesc systems can be further categorized into

fivwe types: Point Sensors, Capacitance Probes, Radic Frequency, Infrasonic,
and Nueleonic. Point sensors and capacitance probes are only useful in
positive g environments. The infrasonic and nucleonic systems are applicable
in 22ro g environments; however, they are still in the develoent ztace and
at this time have a weight disadvantage to obtain the roquired accuracy.

The use of the more standard coaxial cylinder capacitance sensor system for
oontinuous gaging of propel:ants 1is not practical due to the capillary rise
that ooccurs at low gravity conditions. The capillary rise for LH) and LX
is on the order of 40 inches and 20 inches, respectively, for capacitance
sensors similar to thnse used on the Saturn S-II1 stage.

Because future space missions encampass two distinct regimes of gravitational
acceleration, no single concept of propellant gaging 1s entirely satisfactory.
The operations include zero gravity conditions during coast periads experienced
in earth orbit, and high gravity conditians during vehicle thrust. Conse-
quently, a cambination of propellang gaging concepts 1s required to provide
propellant mass or volume measurements. The results of the study indicate the
radio frequency sensor system 18 best utilized for proprllant monitoring auring
2erc gravity periods, and a oambination of the RF and the discrete level sensa
gystems is best utilized during high gravity periods.

-7 - S072-8A-0156~2
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4.3 SURVEY RESULTS OF CURFENTLY AVAILAMLE SYSTEMS
4.3.1 Anoustica Ultrasonic Sensor System [43)

The Aooustica Ultrmsonic system foar liquid lewvel gaging operates on the prin-
ciple of continuous ultrasonic echo-gounding. The system consists of a
piezoelectric crystal transducer and stillws il aseembly with a remote control
unit. Liquid level is gaged by periodically measuring the time required for
an iltrasonic pulse to travel from the transducer to the liquid surface and
back again to the omxmon trangmit-receive transiucer (see figure 4.3.1-1).

Figure 4.3.1-1 Acoustica Ultrasenic Sensor System

-Nn - SD72-8A-0156-2
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In operation, a pulsed electrical input from the transmitter causes the
transducer to ganerate an ultrasonic pulse. This pulse travels to the liquid-
Jas interface where part of the energy is reflected back to transducer and
receiver-readout device. The time required foar the pulse to travel is measured
and converted to an equivalent distance fram the transducer location to the
liquid level above the transducer. This system requires only the =tillwell
and transducer to be exposed to the liquid/gas inside the tank.

Accuracy +0.50 inch
Temperature Range =320 to +300 F
Pregsure Range 0 to 5000 peia
Power Regquirement 5 watts
Regsponse 25 milliseconds

For zero g application, this system could not gage the liquid level, The
capillary forces will draw the liquid into the stillwell causing the trans-
ducer to indicate full tank at all times. Por positive g applicatio , this
system would work satisfactorily.

4.3.2 Acoustica Discrete Level Sensor System [44)

The Acoustica Jdiscrete level system utilires a resistance type sensing element
congisting of a .0005 inch diameter gold plated platinum wire grid. Tre wire
is powered by a constant current to maintain its temperature at o lewvel
slightly higher than its swrrounding enviromment. Since the resistance of te
wire varies as a function of temperature, any change in the mecaum in contact
with the sensing elament, whether liquid-to-vapor aor vapor-to-liouid, causes

a relatiely large and almost instantaneous change in resistance. This resist-
ance change 1s uged to operate a solid state switch in the control unit.

Accuracy #0.1 inch
Temparature Range =430 to +300 F
Pressure Range 0 to 5000 psia
Power Requairement 7 watts/unit LH2
3.5 watts/unit LOX
Response 50 milliseconds

Por zero g application, this type of measuring system dows not have the
capability of measuring mass within a tank. However, under positive g condi-
t-ons this technique is very good for determining a certain loading level, if
the alignment of seneors is in the direction of the g force.

4.3.3 Acoustica Infrasonic Sensor System [43)

Acoustica's infrasonic zero g propellant gaging system has been developed

o mensure the wvolume of lig ds in a low acceleration environment., The
liquid volume is obtained by measuring the gas volume and subtracting it from
the known empty tank volume. The gas volume is found through a dynamic
acnustic measurement of the ullage compliance. Thuis 1s accamplished by a
method of camparison where the compliance of the unknown gas volure in the
propellant tank is oxmpared to the campliance of the same gas in a known
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referance volwe. A dynamic reference method is used to eliminate the need
for knowing the changes in precsure, tamparature and ratio of specific heats
of the yas. The comparison is accamplished through an acoustic bridge arrange-
ment of ne Lwo volumes and two acr.ctic resistances., A schamatic diagram of
the acoustic eystem §s shown in Figire 4.3.3-1. The volumes reppisent acoustic
ompliances, and tie zcoustic resistances are oonprsed of fine mesh screens.
The source of dynamic pregsure in the main tank i3 an electrodvnamic driver.

A dynamic pressure pickup in each vclume provides the necessary information
signals.

Accuracy $1.0 to #2.08
Full to Brpty
Temperature Range =430 to +300 F
Pressure Rarge 0 - 50 psaa
Power Requ.revants SO wtre
Response 5 o 10 "seconds

This system has desonstrated feasibility for bladie. - vpe applicatins wherein
the jage is used to determine gas ullage volum: aid wheoe liquid entiapment,

in the gage, is not a problem. If liquid entr gument can be ¢liminated, this
systen could provide propellant gaging undsr wero ¢ enviromment with relatively
good accuracies.

1.3.4 Bandix Oorporation Cryoganic Optical Sensors

The Bandix Corporation optical sensors have been ugei in LOX an? JP4 on the
S~IC stage .‘or Apollo missions. Rece:: improvaments have ena’.~. Lweir use
in LHy. The basic principle of operation can be understood by considering

the sketch shown in Figure 4.3.4-1.

LQUID eV \_‘ [ '

Figure 4.3, 4-1 Bendix Cryogenic Optical S8sneor

- - 8012-8-0136~2
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mmmm«mmmm.amm@ms.
a light serwitive piciap cell and electronic signal condicioning circuitry.
Light rays frow the light source are directed down one side of the trans-

parer’ cylindrical primas which is locetad at the liqud level sersing point.

when liquiid is present at the end of the prisa, most of the light o\ .ses
through the prics - liquid interface, and 1s dissipated in the liquid. When
gas is presant, the changad index of refraction at the interZace causes most
ot the light tc be reflected across the prims face and through he transparent
cylinder. Tris light impinges on a photo ell, which in twrn produces an
electrical output which is wsed to drive a transistoriaad switchang amplifier.

Accuracy +3/32 inch
T - perature Range ~320 o 160 F
Pressure Range 140 pgia
~. Raguirerents 6 watts
e 50 milliseconds

This is a point senscr type sy.tewm and is liruted ro positive ¢ applications.
Par propellant loading and propellant depletion under po-itive acceleration,
tnis systam will give very accura’ results if the sensors are aligned cum-

patable with the direction of the g farce.

4.3.5 B.~ x Onrporaticn Radio Pregquuncy Sensor Syster  [45]

The Bendix Corporation radio frequancy (RF) Qquantity gagig syctem operates
by introducing microwWave energy into a tank so as to illumnate it by setting
up electromagnetic flelds throughout the ertire volume of the tank. The tank
winterior is a dielextric region smmpletely surrounded by conducting walls.
Such a system is called 2 cavaty, and the resonant salutions are the normal
theoretical modes of the cavity. Pigure 4.3.5~1 shows the RF gaging system
1 block diagram fome.

SAnp
caneaarce [

nas 0 RF MODE COUNTING SYSTEM
M08 o8 vOg

TN SR> Rt () YHCHEOIRDNG
Outngr

Figure 4.3.5-1 Bendix Rado Frequency Semsor System
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The &F section consists of a woltage tunable I¥ sweep cecillator, an atterua-
to:, a lowpass filter which cuts off at the maximm desired output frequancy,
ahu 2 directional coupler which provides a sasple of the RF power level. This
lewl is held constant by detecting 1t at the directional coupler and using
the detected power to control a power leveling circuit. The power leveling
circriit controls the DC hias of the RF sweep oacillator. The RF energy is
cngiled into the tank prabe through a circulator and coaxial cable. The

t. 2k probe is a wide band spiral antema. The RF energy reflected fram the
probe is detected at the third poart of the circulator using ~» mode detector
(crystal diode). This detectad energy contains the mode information. The
signal conditioning circuit produces a constant-width, constant-asmplitude
pulse for each detectable mode. This rovides a train of puises whuich can be
counted electrcnically or fed into a Pulse to Analog Converter to produce an
analog ocutput voltage,

Accuracy +10.0 to 1.08, Full to Bepty
Tesperature Range -430 to 300 ¥

Press:uxe Range 0 - 100 psia

Power Requiremert 30 watts

Respause 3¢ milliseconds

This system is applicable to both zero g and posicive g cond:tions. It has
deponstrated feasibility for measuring liquid volume under zero g and pro-
pellant slosh oo ditions. This system would be an ewcellent choice pro-
viding more development work is done to umprove linearity and accuracy.

4.3.6 Conrac Corporation Radiation Senscr System

Oonrac's radiation system is 2 monoenergetic gamma tranamiss:on systam which
incorporates a source-~detector pair across the tank length. Each source is
ocollimated to a S degree half angle to impinge only on its matched detector
to reduce crosg-talk. The detector is a Sodium Iodide (Trallium-activated)
scintillator crystal (NAT TI)) which actavates a photamultiplier tube (PMT).
The PMT's output (Which is oquuvalent to the mass between the source and
the detector) is susmmed with the other outputs to indicate the amount of
rmags within the tank.

Aocuracy 41.5 to +0.5% Full to Bupty
Source Cs 137

Source Strength 550 millicuries

Power Requirements 27 vatts

4.3.7 Industrial Nucleonics Radiation Sen.or System [46]

Industrial Nucleonics recommands the use of two different type (mass and
volume) mucleonic gaging systems. For a mass sensitive measurcment INC
recamends a sonoenergetic gamma transmission system which incorporates
source-detector pair across the tank length. Each pair has an output
(ecanvalmttot}nmutgnmnmmwdmdemmnmid\inmmd
mmmmrwmumuemumquumotmmmmew.
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For a volume s .aitive msaseamer:t. IO recommends a back scatter shadow
systam which .ses geeme radiation reflected fram the liquid to activate the
detector for ap output. This system measures the volume of liquid surrounding
the source-det: tor pair and is quite similar to a point sennor system.

Accuracy +1.5%
Source Cs 137
Source Strength 1.5 curies
Power Requiresents 40 watts

For zero g application, the monoenergetic gamma t-ansmission system would
work providing there are enough source-detector pairs to cover the volume of
the tank. The backscatter shadow system probably will rot work for zero g
application bur would work for positive g environment.

4.3.8 Simmonds Precision Coaxial Cylinder Capecitaace System (47]

The Simmords precision system. 18 based on redundant sensing systams. The
primary gystem enploys axial capacitance tubes in the tanks tu continuously
measure propellant mass. The backup system emplor s any mmber of individual
impedance sensors spaced along the length of the tank. In the primary system
for measuring propellant quantity, the sensor ccasists of two concentric con-
ducting cylinders along the axis of the tank (reference Figure 4.3.8-1;.

JUTER
TUBE
TMNER
TUBE
1]
- AC
Py 1 VOLTAGE
tyo OUTFUT L
s ! &
b
/r'_l.:‘\
. '. '
STy S maxx
\~-.,5“ WALL

\ / BRIDGE CIRCUIT

Figure 4.3.8-1 Simmonds Precision Ccaxial Capacitance System
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Mﬂnpmpenmthdq:lemd,themciwuwmetwcylm
changes linsarly with the volume of the propellant. ‘ihe varying capacitance
unbalances a bridge circuit. This unbalance is continuously and astcmatically
nulled by a servodriven potentiomster. The position and corresponding output
voltage of the pot are, therefore, analogs of the propellant volume. The
backup sensing system is samewhat more ocosplex. Each paint sensor is a ring
in the horizontal plane. The sensars are stamted cn a tube which runs
ver.ically along the length of the tank.

The mpedance of each wensor depends on whether it is covered by the pro-
pellant. A sensor forms half of a capecitive hridge (reference Figure 4.3.8-2)
with a fuead capacitance forming the other half.

PISTARLE
TRICGER
CIRCUTY
POINT SEMSOR DICITAL
p—_
(oor 1}
—va—
Z
gE;. \ e
BRIDGE

Figure 4.3.8-2 Simmonds Precision Point Sensor Ring System

As tha propellant lewel drops, sensors are uncovered one by mne. Trigger
circuits sanse the output of each bridge and chang: state as the sensor is
uncovered.

+1.0 to +2.0% Full to Bypty
Tesperature Range =430 to ¥300 F
Pressure Range ¢ ~ 50 psia
Power Requirement 7 watts
Regpanec S ‘2 1C seconds
-7 - 8072-8A-0L.- 2
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For zero g application, this system oould not function as a gaging system,
becasse the cepillary action of the fluid would £ill the probe to give a
full cutput at all times. Howev <, this systes is an excellent systan for
a positive g environment (Bond mmber $4; (g levels > 2 x 107°).

4.3.9 Trans-Sonics Corporation Peripheral Capacitance System (48]

The Trans-Sonics peripheral capacitance system utilizes 16 electrodes that
are panels which attach to the inside tank wall so that the whole tank
bauxcmes the dielectric of a capacitor. The shapes and potentials of the
electrodes are adjusted so that tle interior electric field .s approxaimately
uniform throughout the tank, nsuring equal weighting to ail regions,
regardless of how the liqu:d is distributed.

Accvracy 42.0%
Temperature Rarae -430 to +165 F
Pressure Required 0 - 100 psia
Power Requirement 50 watts

This system 1s trying tc measure too mmall a capacitarce. Consequently,
noise and stray capacitance will cause additional dewveiopment problems.

For 2zero g applicaticn, this system could work providing the abose-mentioned
problems are solved.

4.3.10 TR Infrasonic Sensor Systar {49]

The TRW system 1S a resonant infrasoniC gaging system which ' . zes a
small oscillating pressure change to detect the volume of the ullage gas.
The sy.‘em consists >f a driver piston, 2 “llower piston (or diaphragnm).
and a pre.sure trangducer. The volure between the driver and the follower
makes up the reference cavity which houses the pressure transducer. At some
frequency to the driver, the force required to campress the reference cavity
will be balanced by the restoring force, caused by cowwession of the ullage
gas, and the system wiil be in resonance.

The resorant frequency is related to the amount of ullage gas; therefore,
one can measure the quantity of propellants by measuring the resanant
frequency .

Accuracy #1.0 to +2.08% Full to Bupty
Tesperature Range =430 to 4300 F

Pressure Range 0 - S0 psia

Power Rexuired 7 vatts

Response 5 0 10 seconds

This system is app.icable to zero g conditiors. Its accuracy 13 adequate,
however, the response time is slow. This system would be excellent for
the coast modes used duving long space voyages.
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4.3.11 Tyco Laboratories Radiation Sensor System [S0]

Tyco Laboratories radiation sensor system uses a noncollimated monosnergetic
gamma transmission system which places a point source 1n the center of the
tank and measures the radiation at the tank walls. The prototype that wes
tested had anly two detectors 180 degrees apart. For greater accuracy,
additional detectors and a larger electronics package t0 integrate the
outputs fram the detectors could be added.

Accuracy +2.08

Source AM 241

Source Strength 31 millicuries
Power Requiremernt 7 watts

This system could be adapted for zero g apolications groviding enough
detectors were installied to cover tix: entire volume of the tark. This would
result in a very large weight penalty and would not be practical.

4.3.12 United Controls Discrete Level Sensor System

United Controls discrete level sensor system uses a “constant resistance”
wire elerent and an electromic control module. A series of sensors are
mounted in a stillwell that extends cver the length of ne tank. As each
sensor is immersed, a discrete signal 1s developed to i: licate propellant
level in the tank.

Aocaracy #C.06 inch
Temperature Range =425 to +25¢C ¥
Pressure Range J - 500 psia
Power Rexuirement 7 watts/unit
Response 16 mlliseconds

For zero g application, this type (point sensor) measuring sys-am does not
have the capability of measuring mass within a tank. Huwever, under positive g
conditions, this technique is very good for determining a certain loading
level :f the aligiment of sensors is in the direction of the g farce.

4.4 TABULATION OF LIQUID DETECTION SYSTEM DESIGN ANU PERFORMANCE
FEATURES

As a result of inquiries sent to manufacturers wiv have awveloped cr are
developing cryogenic liquid detection systems, a roview of present, state-
of-the-art propellant gaging systems was performed. Table 4.4-1 is a summtion
of manufacturer data sheets specifying accuracy, stability, powe: reqirdaments
and coperational gravity requirements.
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